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FOREST USTFLXJENOES. 



1— INTRODUCTION AND SUMMARY OF CONCLUSIONS. 



INTEOT>rCTION. 

One of the arguments upon which a change of policy ia regard to 
our foresta, and especially on the part of the National Government, is 
demanded, refers to the influence which it is claimed forest areas exert 
upon climate and waterflow. It is argued that the wholesale removal 
and devastation of forests affects climate and waterflow unfavorably. 

Popular writers on forestry, friends of forestry reform, and the public 
mind have readily taken hold of this proposition, enlarged upon it, and 
generalized without sufficient and relevant premises, and before it was 
possible for science and systematic observations to furnish grounds or 
sound deductions; hence we have had only presumptions supported by 
superficial reasoning and occasional experiences. Uven scientific writers 
have discussed the question without proper basis, and have sought to 
reason out the existence or absence of such an influence upon gener^ 
premises and such evidence as the history of the world seemed to fur- 
nish, or else upon observations which were either of too short duration 
to allow elimination of other disturbing factors or else were otherwise 
unreliable. 

From the complication of causes which produce chraatie conditions 
it has always been difBcult to prove, when changes of these conditions 
in a given region were observed, that they are permanent and not due 
merely to the general periodic variations which have been noted in all 
dimates of the earth, or that they are due to a change of forest condi- 
tions and to no other causes;, hence some climatologists have thought 
proper to deny such influences entirely. On the other hand, there are 
as trustworthy and careful observers who maintain the existence of such 
influences; bnt only of late hAn the question been removed from the 
battle-field of opinions, scientific and unscientific, to the field of experi- 
ment and scientific research, and from the field of mere speculation to 
that of exact deduction. But the crop of incontrovertible facts is still 



n,g:,.-ndtyG00glc 



10 FOREST INFLUENCES. 

scanty, and farther cultivation will be necessary to gatlier a fiiller 
harvest and then to set clear tlie many complicated qaestions connected 
with this inquiry. 

Meanwhile a thorough beginniog with a view to settle the qnestion by 
scientific methods and carefiil systematic measoremcDts and observa- 
tions has been made in Europe, where the existence of well-established 
forest administrations, manned with trained observers, has rendered 
j>ractieable the institution of such wort on an extensive scale — the only 
one which can yield adequate results. !N'otably the observations made 
at the duplicate stations in Prussia, and recorded for fourteen succes- 
sive years, famish reliable material for the discussion at least of the 
relation of forest cover to meteorological phenomena, and from these 
in time the nature and extent of any influence upon the climate, if such 
exists, may be determined. 

Pro£ M. W. Harrington, now Ohief of the Weather Bureau, has, in 
the following pages, compiled these and other observations, and in an 
ingenious manner has compressed them into graphic illustrations, which 
readily convey the results to the reader. While an attempt has been 
made to discuss the problems and records in popular form, the student 
of forest meteorological problems will find not less nsefnl the clear and 
nnbiased statements of what these problems involve and what the 
records do and do not show. 

It may be proper to call attention to and accentuate the fact that the 
question of practical importance is not so much as to the eft'ects upon the 
general climate, but as to the local modification of climatic conditions 
which a forest area may produce. 

It can not be too strongly impressed upon those who disclaim any 
influence of forest cover on climate, because the cosmic causes by 
which this is produced are immeasurably greater, that there are two 
classes of climate always to be considered separately, namely, the gen- 
eral climate and the local climate. The latter is of most iinportance to 
us, and alone can be modified by small causes. We modify it by building 
a house around us, thus altering the temperature and moisture conditions 
of the atmosphere so inclosed; but the question is, whether we can alter 
these conditions on a larger scale by such means as alternating forest 
areas and fields or by large bodies of forest. We are not so much con- 
cerned as to whether the total rainfall over the continent is increased, 
but whether the distribution of precipitation in time and quantity over 
and near a forest area is influenced by its existence; whether we or 
our crops feel its absence or presence in our immediate neighborhood; 
whether the protection it seems to aff'ord and the changes it seems to 
produce in the meteorological phenomena are or are not real and of 
sufficient magnitude to influence our forest policy. 

We would here call special attention to the memoir of Prof. Cleve- 
land Abbe, contained in this bulletin, from which the difficulty of ob- 
taining accurate records of rainfall with the gauges in general use is 
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apparent. Wlieu we find our means of measurement 80 deficient we 
must be carefiil how far we base conclusions on their records. 

In this connection the very suggestive paper by Mr. George E. 
Curtiss, contained in this bulletin, should receive atteution. His claa- 
sificatioa of rains into convective, orographic, and cyclonic will cer- 
tainly assist in developing true conceptions aa to cause and effeet and 
possible relation of sarface conditions to rainfall. 

While, then, conclusive deductions may perhaps not be as yet ad- 
missible, we.can not refrain from pointing out the results obtained in 
the forest station at Lintzel (recorded on page 113), which seem to 
show that forest planting did, nnder the conditions there prevailing, 
produce a considerable change in meteorological conditions. 

We can understand readily that if any influence exists it must be 
due, in the first place, to the mechanical obstruction which the forest 
cover presents to the passage of air currents and to the action of the 
sun's rays upon the soil — it must result from a diftference in insolation 
and consequent differences iu temperature and evaporation over forest 
and field, Jt is also readily understood that the influence can become 
appreciable only when large enough areas exhibiting such differences 
are opposed to each other, capable of producing local currents of air 
which may interconnnunicate the characteristics of the one area to the 
other. The. size and character of the forest growth, its density, 
height, situation, and composition, are, therefore, much more imiwr- 
taut in determining its influence than has been hitherto supposed. 
Itifl not trees, but masses of foliage, which may be effective. A large 
sheet covering an extended area from the influence of the sun would 
produce almost the same dift'erences in meteorological conditions that a 
forest cover is expected to produce. 

While, theu, we may admit a priori that extent or area and condi- 
tion of the forest cover are important, we have as yet no data from 
which to calculate any proper size or proportion, and the attempts to 
fix a certain percentage of forest cover needed for favorable climatic 
conditions of a country are devoid of all rational basis. 

Leaving the question of forest influences upon climate as still await- 
ing final solution, we may speak with much more confidence of the 
effect which forest cover exerts upon the disposal of water supplies. 
This effect can be much more readily studied and shows itself much 
more conspicuously. It is perhaps also much more important to human 
economy, for it is becoming more and more apparent that our agricul- 
tural production is dependent not so much upon the amount of rainfall 
as upon the proper disposal of the waters that fall. 

Eecognizing this truth, the American Association for the Advance- 
ment of Science, in 1891, sent the following resolution to the Secretary 
of Agriculture: 

Tlie American Asaociation for the Advancement of Science respectfully submits for 
tbe consideraitioii of the Secretary of Agriculture that the fatnre of Buccessful aud 
mote productive agriculture depeuds very largely upon a ratiunalwat 
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ment, meaniog thereby not only the use of watei for irrigation in the arid and gnb- 
arid regions, but the rational diatribution and DM io the humid regioni of available 
water Buppliea by meana of horizoutal ditches and irrigation lystems, combined 
with proper mechanical preparation of the soil, and with drainage sjitems, with 
the object of fully ntilizing the natei for plant prodnction and providing for the 
safe and hannlesa removal of the aurpluH. 

The present policy of forest production and of allowing our nateia to ran to 
waste not only entails the loss of their benellcial influence upon plant prodnction, 
but pennite them to injure crops, to wash the fertile mold from the soil, and even to 
erase and carry away the .soil itself. 

It is upon these considerations that the association reapectfully iiiggeats to the 
honorable Secretary the desirability of utilizing the Weather Bureau, the variona 
agricultural experiment stations, and otiier forces, in forming a systematic service 
of wat«r Btatistics, and in making a careful survey of the condition of water auppHes, 
which may serve as a basis for the application of rational principles of water man- 
agement. 

How poorly we nnderatand the nse of these supplies is evidenced 
yearly by destmctive freshets and floods, with the accompanying wash- 
ing of soil, followed by droughts, low water, and deterioration of agri- 
eultnral lands. 

It may be thought heterodox, but it is nevertheless true that the 
manner in which most of the wat«r of the atmosphere becomes avail- 
able for human use (namely, in the form of rain) is by no means the 
most satisfactory, not only on account of its irregularity in time and 
quantity, but also on account of its detrimental mechanical action in 
falling; for in its fall it compacts the ground, impeding percolation. 
A large amount of what would be carried off by underground draiuage 
is thus changed into surface-drainage waters. At the sau^e time by 
this compacting of the soil capillary action is increased and evaporation 
tliereby accelerated. These surfaee waters also loosen rocks and soil, 
carrying these in their descent into the river courses and valleys, thus 
increasing dangers of high floods and destroying favorable cultural 
conditions. 

Here it is that water management and, in connection with it or as a 
part of it, forest management should be studied; for vntkout forest 
management no rational water management is possible. The forest floor 
reduces or prevents the injurious mechanical action of the rain and 
acts as a regulator of water flow. Hitherto) water management in rainy 
districts has mainly concerned itself with getting rid of the water as 
fast as possible, instead of making it do service during its temporary 
availability by means of proper soil management, horizontal ditches 
and re^rvoirs — drainage and irrigation systems combined. It seems 
to have been entirely overlooked that irrigation, which has been con- 
sidered only for arid and subarid regions, Is to be applied for plant pro- 
duction in well- watered regions with equal benefit and profit, if combined 
with proper drainage systems and forest management. A discussion 
of the manner in which the forest influences the disposal of water sup- 
plies has been made a special part of this publication. 
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SUMMARY OF CONCLUSIONS. 13 

It will be observed in this bnlletiu that the historical method of dis- 
cnssiug the subject of forest influences, which consista in adducing gen- 
eral observations throughout the world, has given plac« to the acientiflc 
method, which relies upon specific observations and experiments and 
upon the application of well-established physical laws to the explana- 
tion of the facts observed. 

SUMMARY OF CONCIXTSIONS. 

For those who wish to know only what the present state of the 
question of forest influences is, we have summarized what conclusions 
may be drawn from the facts presented in this bulletin, referring them 
to the body of the report for the basis of these conclusions and the dis- 
cussion in extenso. This arrangement, we are aware, is not customary 
and logical, but since the object of this bulletin, to some extent, is to 
familiarize not only the student but the general public with the subject, 
it seemed expedient to meet the convenience of the general reader in 
this manner. For easy reference the pages of this bulletin containing 
the data upon wliieh each conclusion is reached are given in paren- 
theses at the end of each paragraph. 

GENERAL CONSIDEEATIONS. 

(1) We must keep separata two main questions, namely, What is the 
difference of conditions within and without the foresti and How far is 
the difterence of conditions within the forest communicated to the out- 
side, i. e., how far does the forest inSuence the conditions outsidel 
(Pp. 23-40.) 

(2) The general climatic conditions in which the forest is situated as 
well as its situation with reference to elevation and exposure, further- 
more its composition, whether evergreen or deciduous, its density, its 
height and extent, the character of the forest floor, and other features 
which determine its quality, must all combine in producing variety, at 
least quantitatively, both as to difference of conditions within and 
without the forest and as to possible exchange of the same, and hence 
the question of forest influences cau be properly discussed only with 
reference to these other conditions. We must refrain from generaliz- 
ing too readily from one set of conditions to another set of conditions. 
(Pp. 40-121.) 

(3) In the matter of forest influence upon waterflow, besides the 
above mentioned, other conditions, the topography and geology or 
stratification of soil, must also be taken into account and generaliza- 
tions without regard to these must be avoided. (Pp. 123-157.) 

(4) No influence upon the generial climate which depends upon cos- 
mic causes can in reason be expected from a forest cover. Only local 
modifications of climatic conditions may be anticipated; but these 
modifications if they exist are of gre .t practical value, for upon them 
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rest saceess or failure in agricultural purstuta and comfort or diecom- 
fort of life within the giveu cosmic climate. The same condition must 
be insisted upon with reference to forest influences upon waterflow, 
which can exist only as local modifications of water conditions, whicl^ 
are due in the first place to climatic, geologic, and topographic condi- 
Uons. (Pp. 157-170.) 

DIFFEEENOE OF MBTEOROLOGICAL CONDITIOHS WITHIN AND WITHOUT 
THE FOEBST, 

(!) Soil temperatures. — The general influence of the forest on soil 
temperatures is a cooling one, due to the shade and to the longer re- 
tention of moisture in the forest floor as well as in the air, which must 
be evaporated before the ground can be warmed. As a consequence 
the extremes of high and low temperature within the forest-soil occur 
much later than in the open, and both extremes are reduced, but tho 
extreme summer temperatures much more than the winter tempera- 
tures. 

The difference between evergreen and deciduous forests, which al- 
most vanishes in the winter time, is in favor of the deciduous aaa 
cooling element in summer and autumn, while during spring the soil is 
cooler under evergreens. The effect increases naturally with the age 
and height of the trees. 

(2) Air temperatures under the crowns. — The annual range of air tem- 
perature is smaller in the forest than in the open; the effect upon the 
minimum temperature (t. e,, the effect in winter) is less than on the 
maximum temperature (i. e., the eftecf in summer). The combined ef- 
fect is a cooling one. The range of temperature is more affected than 
the average absolute temperature, or, in other words, the moderating 
influence is greater than the cooling effect. 

The montlily minima for middle latitudes are uniformly reducc4l dur- 
ing the year, and the monthly maxima are much more reduced during 
the summer than during the winter. On the average the forest is 
cooler than the open country in summer, but about the same in winter, 
with a slight warming effect in spring. 

The difference between the mean monthly air temperatures in the 
woods and in the open varies with the Itind of forest much more than 
is the case for soil temperatures. The evergreen forest shows a sym- 
metrical increase and decrease throughout the year. The deciduous 
forest shows a variable influence which diminishes from the midwinter 
to springtime, but increases rapidly as the leaves appear and grow, 
becoming a maximum in June and July and then dimiitishing rapidly 
until November. The annual average effect is about the same botii 
for evergreens and deciduous forests. 

Forests situated at a considerable elevation above the sea have sen- 
sibly the same influence on the reduction of the mean temperatHra as 
do forests that are at a low level. 
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AIR TEMPERATUBE8 IN AND OUTSIDE OF F0EEST8. 15 

Young forests affect the air temperature very differently from mature 
forests; in the former tbe minimum temperatures are always reduced, 
but tlie maxima are exaggerated. The observations on which this 
conclusion is based ought, perhaps, to be considered as pertaining rather 
to the case of temperatures in the tree-tops. 

(3) Air temperatures within the orowns. — The mean temperature of 
■ the air In the tree-tops, after correcting for elevation above ground, is 

rather higher than over open flelda. The effect of tree-tops does not 
appreciably depend upon the height of tbe station above ground. The 
effect upon the minima is generally greater than on the maxima, the 
total effect being a warming one. A tree-top station is in general inter- 
mediate, as to temperature, between a station near the ground in the 
forest and one in the open field. 

Evergreen forests show less difference between the temperature in 
the crown and below, and altogether more uniformity in temperature 
changes throughout the year, than deitiduous growth. 

Tlie vertical gradient for temperature within the forest on the aver- 
age of all stations and all kinds of forest trees is large, varying from 
0.61O F. per 100 feet in April to 2.50° F. in July. 

A reversal of the vertical gradient, namely a higher temperature 
above than below, occurs in the woods, especially in the summer time. 
It also occurs in the open air regularly at night, and may be three or 
four times as large as that just mentioned. In general tbe action of 
the forest tends to produce a vertical distribution of temperature like 
that over anow or level fields on clear nights. 

(4) Air temperature above the crowns, — The temperature, at consider- 
able heights above tbe forest, appears to be slightly affected by the 
forest and more so with evergreens than with deciduous growth. The 
vertical gradients of temperature within 30 feet above the tope of the 
irees are all reversed throughout the leaiy season; the gradients are 
also greater above the tree crown than below, at least daring the clear 
sky and calm air. The wind affects the temperature under and within 
the crowns, but makes little difference above them. The surface of the 
forest crown appears meteorologically much like the surface of the 
meadow or cornfield. It is as if the soil surface has been raised to the 
height of the trees. 

(6) Air temperature in general. — From the preceding generalizations 
it appears that the forest affects the temperature Just as any collection 
of inorganic obstacles to sunshine and wind; but as an organic being 
the forest may be also au independent source of heat, Careful obser- 
vations of the temperature within the trunk of the tree and of the leaves 
of the tree show that the tree temperature is affected somewhat by the 
fact that the rising sap brings up tbe temperature of the roots while 
the return sap from the leaves brings their temperature down, and the 
tree temperature considered as the result of the complex adjustment is 
not appreciably affected by any heat that may be evolved by the chemi- 
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cal pTocAsaes on which ita growth depends. It is not yet clear as to 
whether the chemical changes that take place at the aaifatM of the leaves 
should giveontanyheat; it is more likely that heat is abBorbed, namely 
raadered latent, especially in the formation of the seed; the process of 
germination usually evolves this latent heat; the immense quantity of 
water transpired and evaporated by the forests tends to keep the leaves 
at the same temperature as that of the surface of water or moist soil. 

(6) Humidity of air. — The aonnal evaporation within the forests is 
about one-half of that in the open field; not only is the evaporation 
within a forest greatest in May and Jnne, but the difference between 
this and the evaporation in the open field is also then a maximam, 
which is the saving dne to the presence of the woods. The average 
annual evaporation within the woods is about 44 per cent of that in the 
field. Fully half of the field evaporation is saved by the presence of 
the forest. 

The quantity of moisture thrown into the air by transpiration from 
the leaves in the forest is sometimes three times that Irom a horizontal 
water surfaee of the same extent, and at other times it is less than that 
of the water. The transpiration from leaves in full sonshine is deci- 
dedly greater than from leaves in the diffused dayUght or darkness. 
The absolute amount of annual transpiration as observed in forests 
of mature oaks and beeches in central Europe is about one-quarter of 
the total annual precipitation. 

The percentage of rainfall, evaporated at the sarf^« of the ground, 
is abont 40 per cent for the whole year in the open field and about 13 
per cent for the forest, and is greater under decidnous than under 
evergreen forests. 

The evaporation from a saturated bare soil in the forest is about the 
same as that from a water surface iu the forest, other conditions being 
the same. 

The presence of forest litter like that lying naturally in undisturbed 
forests hinders the evajxiration from the soil to a remarkable extent, 
since it saves seven-eights of what would otherwise be lost. 

The total quantity of moisture returned into the atmosphere from a 
forest by transpiration and evaporation from the trees and the soil is 
about 75 per cent of the precipitation. For other forms of vegetation it 
is abont the same or sometimes larger, varying between 70 per cent 
and 90 per cent; in this respect the forest is surpassed by the cereals 
and grasses, while, on the other hand, the evaporation from a bare 
soil is scarcely 30 per cent of the precipitation. 

The absolute humidity within a forest exceeds that of the glades 
and the plains by a small quantity. The relative humidity in the 
forest is also larger than in the glades or plains by 2 per cent to 4 per 
cent. Forests of evergreens have from two to four times the intlnence 
in increasing relative humidity than do forests of deciduous trees. 

The gauges in Eoropean forest stations catch from 75 to 85 per cent 
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when placed under the trees, the balance representing that which 
passes through the foliage aud drips to the ground or runs down along 
the trunks of trees, or else is intercepted and evaporated. The per- 
centage withheld by the trees and which either evaporates from their 
surfiice or trickles along the trunk to the ground is somewhat greater 
in the leafy season, though the difference is not great. Deciduons and 
evergreen trees show but slight diftferences in this respect. More rain 
18 usually caught by gauges at a given height above the forest crown 
than at the same height in open fields, but it still remains doubtful 
whether the rainfall itself is really larger over the forests, since the 
recorded catch of the rain-gauge still requires a correction for the in- 
fluence of the force of the wind at the gauge. 

In such cases where overa large area deforestation and reforestation 
have seemingly gone hand in hand with decrease and increase of rain- 
fall, the possible secular change in rainfall must also be considered. 
Tet the experience of increased rainfall over the station at Lintzel 
(p. 113), with increase of forest area, points strongly toward a possible, 
interdependence under given conditions. 

By condensing dew, hoar frost, and ice on their branches, trees add 
thereby a little to the precipitation which reaches the ground, aud by 
preventing the rapid melting of snow more water remains avivilable 
under forest cover. 

The question as to the march of destructive hailstorms with reference 
to forest areas, which seems settled for some regions in France, re- 
mains in doubt for other, especially mountain, regions. 

From these statemenl'fi wc would expect as a consequence of defor- 
estation an effect on the climate of the deforested area in three direc- 
tions, namely: (a) extremes of temperature of air as well as soil are 
aggravated; (6) the average humidity of the air is lessened, and possi- 
bly (c) the distribution of precipitation throughout the year, if not its 
quantity, is changed. 

INFLUENCE OF FORESTS UPON THE CLIMATE OF THE SUEEOUND- 
ING COUNTEY. 

(1) An influence of the forest upon the climate of its surroundings 
can only take place by means of diflfusion'of the vapor which is tran- 
spired and evaporated by the crowns and by moans of air currents pass- 
ing through and above the forests being modified in temperature aud 
moisture conditions; the mechanical eftect upon such air currents by 
which they are retarded in their progress may also be effective in 
changing their climatic value. 

(2) Local air currents are set up by the difference in temperature of 
the air within and without the forest, analogously to those of a lake or 
pond, cooler currents coming irom the forest during the day in the 
lower strata and warmer currents during the night in the upper strata. 

12«t— No. 7 2 .^ , 
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18 FOREST INPLUENOEe. 

The latter curreiite, being warmer and moistcr, can be of influence on 
the temperature and moisture eonditious of a neighboring field by mod- 
erating temperature extremes and increasing the humidity of the air. 
This local circulation is the one most importsmt difference between 
forest and other vegetation. How far away from the forest this circu- 
latioQ becomes sensible is not ascertained. In winter time, when the 
temperature differences become small, no such circulation is noticeable. 

(3) The general air currents in their lower iH>rtiouis are cut off en- 
tirely by the forest, which acts as a windbreak. This influence can 
of course be expeiienced only on the leeward side. How far this pro- 
tection reaches it is difficult to estimate, but it certainly reaches far- 
ther than that of a mere windbreak, since by the friction of the air 
moving over the crowns a retardation must be experienced that would 
be noticeable for a considerable distance beyond the mere windbreak 
effect. Deforestation on a large scale would permit uninterrupted 
sweep of the winds, a change more detrimental where the configura- 
tion of the ground does not fulfil a similar function — in large plains 
more than in hilly and mountainous regions, and at the seashore more 
than in the interior. 

The upper air strata can be modified only by the conditions existing 
near and above the crowns. At the same time they must carry away 
the cooler and moister air there and create an upward movement of 
the forest air, and thereby in part the conditions of this become also 
active in modifying air currents. The greater humidity immediately 
above the crowns is imparted to the air cunents, if warm and dry, and 
becomes visible at night in the form of mists resting above and near 
forest areas. These strata protect the open at least against insolation 
and loss of water by evaporation, and have also a gi-eater tendency to 
condensation as dew or light rain, if conditions for such condensation 
exist. This Influence can be felt only to the leeward in summer time 
and with dry warm winds, while the woling winter effect iipon compar- 
atively warmer moist winds is not noticeable. Theoretical considera- 
tions lead to the conclusion that in mountain regions only the forest 
on the leeward slope can possibly add moisture to a wind coming over 
the mountain, but this does not necessarily increase the precipitation 
on the field beyond. Altogether the theoretical considerations are as 
yet neither proved nor disproved by actual observations, and as to 
rainfall the qnestion of influence on the neighborhood is still less set- 
tled than that of precipitation upon forest areas themselves. Wherever 
inoisture-laden winds pass over extensive forest areas the cooler and 
moister condition of the atmosphere may at least not reduce the possi- 
bility of condensation, which a heated plain would do; but observa- 
tions so far give no conclusive evidence that neighboring fields receive 
more rain than they otherwise would. 

(4) With regard to comparative temperatures in forest stations and 
open stations that are situated not far apart from each other, it would 
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appear that the forest exerts a coohog influence, but that more de- 
tailed conclusions are hindered by the consideration that the ordinary 
meteorological station itself is somewhat affected by neighboring trees. 

The study of the stations in Asiatic and European Russia seems to 
show that in the western part of the Old World the presence of large 
forests has a very sensible influence on the temperature. Similar 
studies for stations in the United States seem to show that our thin for- 
ests have a slight effect in December but a more decided one in June. 
It appears also that our wooded regions are warmer than the open 
plains, but there is no positive evidence that this difference of 'temper- 
ature is dependent upon the quantity or distribution of forests, or that 
changes in temperature have occurred from this cause. 

(5) When a forest incloses a small area of land, forining a glade, its 
inclosed position brings about special phenomena of reflection of heat, 
local winds, and a large amount of shade. For such forests it is found 
that the mean range of temperature is larger in the woods than on the 
open plain ; the glade climate is more rigorous than the climate of open 
plains; the glade is cooler and its diurnal range larger during the 
spring, summer, and autumn. 

Favorable influences upon moisture conditions of the air are most 
noticeable in localities where much water is stored in underground with 
overlying strata which are apt to dry when our summer drought pre- 
vails. Here the forest growth is able to draw water from greater depths 
and by transpiration return it to the atmosphere, thereby reducing 
the dryness and possibly inducing precipitation. In most climates this 
action would be less effective or of no use. Hence in regions, with 
oceanic climate witli moist sea winds like England and the west coasts 
of Europe or of the northern United States, deforestation from a cli- 
matic point of view may make no appreciable difference, such as it 
would make in continental climates like the interior of our country, the 
KockyMount-ains, and southern California. 

Whether large or small areas of forest and open lields alternating, 
or what percentage of forest is most favorable can not as yet be dis- 
cussed, since we are not clearly informed even as to the manner and the 
amount of influence which forest cover exercises. In general we may 
expect that an alternatiwi of large forested and iinforestcd areas, in 
regions which on account of their geographic situation have a dry and 
rigorous climate, is more beneficial than large uninterrupted forest 
areas, which would fail to set up that local circulation which is brought 
about by diiferences in temperature aud peimits an exchange of the 
forest climate to the neighboring field. 
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raFLTIBKCB OPPOBBSTS UPON WATBE AHD BOIL CONDITIONS. 

(1) In ooiiBeqneac6 of deforestation evaporation from the soil is aug- 
mented and a(x;elerated, resulting in unfavorable conditions of soil 
humidity and affecting unfavorably the size and continuity of spriugi^. 
The influence of forest cover upon the flow of springs is due to this 
reduced evaporation as well as to the foct that by the protecting forest 
cover the soil is kept granular and allows more water to penetrate aud 
percolate than would otherwise. In this connection, however, it is the 
condition of the forest floor that is of greatest importance. Where the 
litter and humus mold is burned up, as iu many if not most of our 
mountain forests, this favorable influence is largely destroyed althoagli 
the trees are still standing. 

{2) Snow is held longer in the forest and its melting is retarded, giv- 
ing longer time for filtration into the ground, which also being frozen 
to lesser depth is more apt to be open for subterranean drainage. Al- 
together forest conditions favor in general larger subterranean and less 
surface drainage, yet the moss or litter of the forest floor retrains a 
large part of the precipitation and prevents its filtration to the soil, and 
thus may diminish the supply to springs. This is especially possible 
with small precipitations. Of coi>ious rains and large amounts of snow 
water, quantities, greater or less, penetrate the soil, and according 
to its nature into lower strata and to springs. This drainage is facili- 
tated not only by the numerous channels furnished by dead and living 
roots, but also by the influence of the forest cover in preserving the 
loose and porous structure of the soil. 

Although the quantity of water offered for drainage on naked soil is 
larger, and although a large quantity is utilized by the trees in the 
process of growth, yet the influence of the soil cover in retarding evap- 
oration is liable to offset this loss as tlie soil cover is not itself dried out. 

The forest, then, even if under unfavorable topographical and soil 
conditions (steep slopes and impermeable soils) it may not permit 
larger quantities of water to drain off underground and in springs, can 
yet influence their constancy and equable flow by preventing loss from 
evaporation. 

(3) The surface drainage is retarded by the uneven forest floor more 
than by any other kind of soil cover. Small precipitations are apt to 
be prevented from running off superficially through absorption by thr 
forest floor. In case of heavy rainfalls this mechanical retardation iu 
connection with greater subterranean drainage may reduce the danger 
from freshets by preventing the rapid collection into runs. Yet in 
regions with steep declivities and impermeable soil such rains may 
be shed superficially and produce freshets in spite of the forest floor, 
and an effect upon water conditions can exist only from the following 
consideiation. 
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(4) The well-kept forest floor, better than even the close aod of a 
meadow, prevents erosion and abrasion of the soil and the washing of 
soil and detritus into brooks and rivers. 

This erosion is especially detrimental to agricnltnral interests aa 
well as water flow in regions with this surface and impenetrable sub- 
soils, and where rains are apt to be explosive in their occurrence, as in 
our western and southern country. The best soil of the farms is often 
washed into the rivers, and the water stages of the latter by the accu- 
mulations of this soil are iofluenced unfavorably. 

{5) Water stages in rivers and streams which move outside the 
mountain valleys are dependent upon such a complication of climatic, 
topographic, geological, and geographical conditions at the headwaters 
of their affluents that they withdraw themselves from a direct correla- 
tion to surface conditions alone. Yet it stands to reason that the con- 
ditions at the headwaters of each affluent must ultimately be reflected 
in the flow of the main river. The temporary retention of large amounts 
of water and eventual change into subterranean drainage which the 
well-kept forest floor produces, the consequent lengthening in the time 
of flow, and especially the prevention of accumulation and carrying of 
soil and detritus which are depfisited in the river and change its bed, 
would at least tend to alleviate the dangers from abnormal floods and 
reduce the number and height of regular floods. 

SANITARY INFLUENCE OF P0EEST3. 

(1) The claimed influence of greater purity of the air due to greater 
oxygen and ozone production does not seem to be significant. 

(2) The protection against sun and wind and consequent absence of 
extreme conditions may be considered favorable. 

(3) The soil conditions of the forest are unfavorable to the produc- 
tion and existence of pathogenic microbes, especially those of the 
cholera and yellow fever, and the comparative absence of wind and 
dust, in which such microbes are carried into the air, may be considered 
as the principal claim for the hygienic significance of the tbrest. 

We may summariste that the positionof the forest as a climatic factor 
is still uncertain, at least as to its practical and .quantitative impor- 
tance, but that its relation to water aod soil conditions is well estab- 
lished. As a climatic factor it would appear that the forest of the 
plain is of more importance than that of the mountains, where the more 
potent influence of elevation obscures and reduces in significance the 
influence of their cover; as a regulator of water conditions the forest 
of the mountains is the important factor; and since this influence 
makes itself felt far distant from the location of the forest, the claim for 
attention of Government activity and for statesmanlike policy with 
reference U> this factor of national welfare may be considered as well 
founded. Bvery civilized govermnent must in time own or control the 
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forest cover of the iiioaiitaiiis in order to uecare de^iirable water coiidi- 
tious. 

lu coDcIusJon I may urge tliat systematic observations bearing on 
tbe subject of foreign iiidiieiiceB Blioald bo iuntitiited in tliis country 
by a OoverDiueiit agency, perhaps uiider ttie authority of tlie Weather 
Bureau aud with tlie cot>{>eratioii of the agricultural experiment uta- 
tioua. No other country is so well adapted for the study of this qaes- 
tion as the Unite*! States, od'ering all the varying climatic conditioiis 
of,a whole continent under one goveruuieut, with changes in forest con- 
ditions conatautly progressing. 
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ir.-REVlEW Of FOREST METEOROLOOICAI. OBSERVATIONS! A STDBY 
PRELIMINARY TO THE DISCUSSION OF THE RELATION OF FORESTS 
TO CLIMATE. 



By M. W. HAPiUNGToa. 



THE NATUUE OP THE PROBLEM. 

The covering of the earth's surface determines many of the minor 
features of climate, aud especially those features which are of import- 
ance for agriculture. Ttie insular climate, the coast climate, the desert 
aud prairie climates, the differeQces between steady winters with con- 
tinuons snow-covering and variable winters with little or no anow, all 
have peculiarities that are due to the character of the covering of 
the earth's surface at or near the station which has the climate in ques- 
tion, 

A striking illustration of the effect of the snrfaeecoveriug on climate 
and weather is seen in the case of a snow covering. This has been 
studied recently by an eminent Russian meteorologist, Dr. Woeikoff, 
who finds the influence of the snow to be surprisingly far-reaching. It 
chills and equalizes the temperature; it promotes the passage of bliz- 
zards and other winter storms; it retards the spring; it feeds the water 
more slowly to the streams; it promotes the continuance of clear, dry 
weather with high barometric pressiu'e; and it has many other eil'eeta 
which are of hardly less importance. 

The forest is to be considered, iu its effects on climate and weather, 
as a special form of surface- covering. Its effects are of the same order 
as those produced by a covering of sand, or sod, or water, but the 
forest effect lias some peculiar features which are due to the fact that 
the covering is elevated to some extent above the soil. This imparts 
to the soil in some degree the climatic characteristics due to a topo- 
graphical elevation, and also causes a series of wind-break effects which 
are not found with the other forms of surface-covering. On account of 
this distinctive feature, the problem of forest climatology separates 
into two problems, which must be considered each by itself. The one 
relates to the climate of the interior of the forest, the other to the 
effects of the forest on the climate of the open country around it. The 
two are quite different; the first is of relatively little importance ex- 
cept as it relates to the second. It is the second which is of interest 
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and importance so far as relates to the suitability of a climate for resi- 
dence and agricolture. 

The solution of these two problems is very much complicated by the 
variety of conditions of tbe forest itself. The forest, woods, or vood- 
laads may vary in extent all the way from the Amazon forest, whi«li 
covers a large part of South America, or the correspoadiug forests of 
tropical Africa, to tlie woodlot of the farm, the grove, or the park. Ii» 
density of tree-growth they vary quite as widely. The openings in 
tbrests are especially subject to forest climatic action, as any one knows 
who has found himself in a tropical forest glade at the hottest hour of 
the day; and these openings vary in form and in size all the way froiu 
the forest gallery or swale through the oak openings and little prairies 
to the regions where the prairies prevail and the forest is reduced to 
islands of woods or to fringes along the streams. In height the trees 
range from upwards of 300 feet to the low coppice or brush of a few 
feet elevation ; some forests are of fairly uniform height, like the north- 
em forests of firs and spruces, while others axe composed of plants of 
all heights from the herb to the forest giant. This is mostly the case 
with the tropical forests where the giants are scattered between high 
and low trees and open glades, so arranged that the sunbeams, not- 
withstanding the density of the vegetation, sift through to the soil 
itself. In undergrowth, in persistence of leaves, au<l in quantity of 
shade, there is also every possible variation. 

The effect of a mixed forest of deciduous trees must differ from that 
of an evergreen forest with needle-shaped leaves, and this again from 
forests of such trees as flourish in Australia, New Holland, and else- 
where,' whose leaves stand more vertically so that the shade bears 
little relation to the leaflness. Such trees are found in many parts 
of the world; our own Kentucky coffee tree, is of this sort, and the 
lack of shade under a tree of this kind in full leaf in July is iUways a 
surprise. 

Again, the litter accumulating in the forest has an important influ- 
ence on its action, and the effects of the forest must be also much modi- 
fled by many factors which determine its condition but are not strictly 
a part of it, such as the soil on which it grows, the abundance or 
scarcity of water, the slope of the land, the altitude above sea level, 
the latitude, and the prevailing degree of cloudiness. Any of these 
peculiarities may sensibly modity not only the climate of the interior 
of the forest but also the influence which the forest may exert on the 
climat« of adjacent territory. 

The literature of forest meteorology is already a large one. Loffel- 
holz-Colberg published in 1872 a catalogue of the publications on the 
significance and importance of the forest, and since the issue of that 
catalogue the literature of the subject has giown at a rapid rate. 
Nearly all the publications to which he refers bear on the meteorological 
aspects of the forest. The longer bibliographical references given by 
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him number 190, and there are briefer references to very many more. 
Loflfelholz-Colberg's list begins with Fernando Columbus, the son of 
Christopher OolumbuB, who attributes tbe heavy rainfall on Jamaica 
to its wealth of forests, and the decrease of rain on the Azores and 
Canaries to the removal of their forests. In the sixteenth and seven- 
teenth centuries the subject was ahready attracting Hie attention of 
the French Government, and in fact governmental interest in the sub- 
ject goes baek to the time of the immediate successors of Charlemagne. 
It is interesting to read over the abstracts of opinions which are recorded 
in lififTeiholz-Colberg's small book. Everyvariety of opinion can befound 
there, from those which attribute to the forest about everything which is 
desirable in climate and even endow it with a powerful influence on mor- 
als, to those who believe it is entirely without influence ; and from those 
who think that its influence does not extend beyond its own margin, 
to those who would attribute the deterioration of the climate of the 
Old World to the removal of the forests of the New. The reasons for 
this extraordinary variation in opinion are to be found in the method 
employed for solving the problems of forest meteorology. Leaving out 
of account the solutions which were purely sentimental or purely tour- 
istic, the conclusions were generally founded on what may he called 
the historical method. This consists in finding a country which has 
been once wooded, but from which the forests have been removed, 
or one which was once open, but later became wooded. The climate at 
the beginning and end of the time involved is then ascertained or 
assumed, and the changes in the climate are attributed to the change 
in the forest cover. The uncertainties of this method are so great as 
to make it generally useless. It is seldom possible to be sure of the 
early tbrest condition of the country in question. For this purpose 
reliance must generally be placed on incidental references by the earl- 
ier writers, and these are usually ambiguous and uncertain. Even 
where the change in forest conditions can be proved beyond the possi- 
bility of doubt, the character of the early climate can not be ascer- 
tained with a sufficient degree of accuracy. If the period in question 
preceded the introduction of meteorological instruments, then the char- 
acter of the climate must be judged by the nature of the crops raised or 
from facts of a similar nature given by earlier writers. If observa- 
tions were taken they were generally rude and by means of imperfect 
instruments: their errors would probably approach in magnitude the 
quautity of forest influence which is to be determined. Besides, the 
hxing of the data of climate with our modern exact instruments and 
better methods requires observations for a long series of years. The 
variations of the elements of climate (the temperature, humidity, rain- 
fall, winds, and cloudiness) are great from day to day and from year 
to year, and it lakes numerous observations, scattered through many 
years and taken on a uniform system, to give fixed values for the cU- 
mate. The rainfeU tor two successive years on the same spot might 
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differ by several times as luucb as the ditt'ereuce which could be reason- 
ably expected between that on ])rairie aud on tbrest. In addition to 
this, there is no certainty, generally, that any change of climate wLich 
is satisfitctorily i>roven is necessarily due to a change in the forest. 
Changes are constantly going ou in the climate of all stations and en- 
tirely without obvious connection with surrounding forest couditiouSi 
lu fact, their causes are beyond our itresent knowledge. 

These ai'e the secular changes, so culled; they are probably periodic, 
and their periods may be tens, sf^ores, or hundreds of years. It is hardly 
possible to flud a long series of observations in which traces of theso 
secular changes are notevideut. 

The historical method has really given but meagre results of areliablo 
character. On the other hand, the extravagant results to which it has 
Bonietimes led have cast discredit on the whole subject of the inflaeuce 
of forests on cbmate. It will not l>e useil in what follows except in a 
single case, in which all the conditions which can reasonably be required 
seem to be fairly fulfilled. 

There are also recognizetl results of forest action which are entirely 
distinct from the meteorological influences with which we are here con- 
cerned and which refer to soil and water conditions. Such is the iu- 
tiuence of forests on the flow of surface water and the occurrence of 
floods, on the amount of ground- water and the preservation of springs, 
on the holding of movable soils or reclaiming of swampy ones. These 
are all of the highest importance, but they will not be considered liere. 
The questions of temperature and of the changes of the air are the only 
ones belonging to forest meteorology proper. 

SYSTEMATIC OBSEBVATIONS IN FOBEST METEOROLOGY. 

There are several series of sporadic observations on forest meteor- 
ology made before the beginning of this century, as, for instance. 
Hunter's observations on the temperature of trees in 1775 and 1778, 
and SchaepfPs observations on the same subject in New York in 1783. 
The first systematic observations seem to be those taken at Geneva from 
179(J to 1800 by Pictet and Maurice. They referred to tree temperatures 
and were made on a horse-chestnut tree two feet in diameter. 

The thermometer was placed in a hole iu the north side of the trunk 
six inches deep, and the apace around the stem was closed up with wax, 
so that the water and air from the outside would not influence the tem- 
perature shown by the instrument. The observations were made with- 
out interruption at sunrise, 2 o'clock p. m., and sunset. Comparative 
observations were made at the same time on a thermometer to tbe 
north, in the shade, and on four ground thermometers at depths of 3 
inches, 1 foot 5 inches, 4 feet 3 inches, and 12 feet 8 inches. The ob- 
servations were made with precautions similar to those now considered 
uecessary, but not generally practiced at that time. 
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Kaemtz carried on a good many 8cq.ttered but instructive forest aud 
agricaltural observations before tbe publication of bis meteorology in 
a831--'34. In 1839-'40, Bravaia at Bosaetop, and Tbomas at JCaaford, 
botb in Lapland, took a long series of winter tree temperatures. Bra- 
"vais put the bulb of a luercurial tliennonieter in the heart of a living 
pine which was 6 inches in diameter. Thomas compared the tenipeta- 
tures of two large pines close together, one dead and the other living. 
The latter showed a slightly higher temi>eratnre than the former. 

In the winter of 1857-'fl8, Bonrgeau carried on a series of tree tem- 
perature observations at Fort tlarlton, on the Saskatchewan River, 
latitude about 52o. 



The beginning, however, of systematic observations on the short- 
range forest meteorological problem of the relative condition of tlie air 
in and about forests and the incitement to the modem activity in this 
direction seem to have come from the observations of M. A. C. Bec- 
queiel and his son Edmund, which began at Chatillon-sur-Loing, about 
70 miles south of Paris, on July 30, 1S58. These observations, now re- 
lating to forest meteorology, now to some other branch of tbe science, 
now carried on at Ghatillon or its vicinity, now at Parts in the Jardin 
des Plantes, and generally with the aid of the French Aciidemy of Sci- 
ejices, have been conducted by MM. Becquerel aud his son from that 
time to a quite recent date,, and are probably still continued. 

The memoirs and briefer communications which have been made to 
the academy, based on these observations, form a large and highly in- 
structive addition to knowledge in this science, aud they have beeu 
abundantly drawn on by subsequent writers. It is in some respects an 
advantage, in others a disadvantage, that the Messrs. Becquerel have 
used a special tbrm of instrument in their observations and have fol- 
lowed independent methods. The disadvantage lies in tbe fact that 
this makes tbe observations not strictly comparable with those taken 
at regular forest meteorological stations, and when the question is one 
of relatively small differences, as that of temperatures and rainfall 
within and without forests, this lack of comparability is a serious draw- 
back. On the other hand, there is a great advantage in getting results 
by diS'erent methods and with different instruments, for it serves to get 
rid of errors that depend on the method. Conclusions drawn from two 
entirely different sorts of observations are worthy of more confidence 
than those drawn from two sets taken in the same way. 

The observations of the Messrs. Becquerel were taken with electric 
thermometers. They depend on thermo-electric principles, and the 
elder Becquerel had published studies on them as early as 1826, and 
afterwards used them in determining the temperature of the different 
envelopes of flames. The instrument as used was composed of a closed 
circuit a part of which was of copper and a part of iron. The two are 
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soldered at tbe ends, and a galvntiometer is tntrodneod into the circuit. 
By the principles of thermo-electricity ivheuever the two soldered emls 
are at the same temperature, there is no <:urrent and the galyanonieter 
is not affected. If one of the jiinctions is warmer than the other, then 
a current is produce^i in the one or other direction, and the needle of 
the galvanometer swings to the corresponding side. If now one junc- 
tion in iilaced in the medium the lieat of wliich is to be mcisureilT and 
the other is left accessible and is warmed or cooled nntil tbe ueedle 
stands at zero, the temperature of the latter junction is the same as tiiat 
of the former. One ^inctiou can be placed iii a dame, or in an animal 
or plant, or at the top of a tree, or at a depth in the ground, aad its 
temperature can be ascertained by manipulating the other. 

This method requires many precautions, and can not be conveniently 
Qsed for maximum and minimum temperatures, but in competent hands 
It is very serviceable and is capable of minute accuracy. 

In the observations of the Messrs. Becquerel it was so arranged that 
a change of one degree of temperature would cause a deflection of t«n 
degrees in the needle. The needle was brought to zero with the aid of 
a lens, and an accuracy of reailing to a tenth of a degree centigrade in 
the galvanometer was abundantly assured. Every precaution was 
taken. For ingtaiiee, a junction exposed to the rays of the sun was 
covered with a triple reflector which screened from the snn's rays, bnt 
permitted free ventilation. The results have every guarantee of ac- 
curacy and are worthy of unusual confidence. 

M. Becquerel's first memoir relating to the forest meteorological 
problems was not published until 1864. Meantime other students of 
the subject were showing signs of activity. The French forest inspect- 
ors Oontegril and Bellot took many observations in 1850 and 1860 on 
the disposal of rainfall in woods as compared witii that in open fields, 
and similar observations were taken in southern France, Hofmann at 
Giessen, and Baur at Holienheim had been taking forest observations 
for some time. In 1862 and 186.1, Krutzsch, in Saxony, established 
inne forest stations; several were established in Bavaria, and Connt 
Berchem-Hainhausen, in his private capacity as a large landowner, 
supported two in Bohemia. In 1806-68, in Po8en,Rivoli, also a private 
landowner, made many simultaneous comparative observations in for- 
ests and fields, including temperature, humidity, and evaporation. His 
observations on individual features of forest action were confined to 
the season at which they were greatest. The fertile idea in modem 
forest meteorological observations consists in having comparative sta- 
tions at which observations are taken simultaneously. These stations 
must be as nearly as possible alike, except that one is to be in the 
woods, the other outside. This happy idea, alrea^ly employed by Bec- 
querel aud Eivoli, and doubtless by others, but not by all, was first 
put to systematic use under governmental auspices at stations near 
Nancy. The French forest administration undertook to set at rest the 
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qnestions of forest influence on climate, and to this end instracted the 
school of forestry at Nancy to undertake the necessary studies. lu 
April, 1886, observations were commenced by Prof. Matliieu, of Nancy, 
with the view of determining the influence which a wooded or unwooded 
country has upon the moisture received from the air. Three stations 
were selected; they were described by Dr. Hough in his report for 
1877,*page 262. The mostititeresting feature about them is the forest 
rain gauge at Cinq-Franch^es. It was made to cover exactly the sur- 
face covered by the tree top and was placed with the tree in the center, 
careful arrangements having been made to direct into the gauge all 
water which ran down the tree. In 1870 a fourth station was added, 
that of the agricultural station of the school. The altitude of this sta- 
tion is 712 feet, sooiewhat less than the others. 

In February, 1874, forest observations were undertaken by MM. 
Fautrat and Sattiaux, and continued by the first. The stations were 
in the department of Oise, a few miles north of Paris. This is a rolling 
territory of no great elevations or irregularities, and the southern part, 
containing the better-knowa forest of Compiegne, is well wooded and 
somewhat swampy. One pair of stations was in the state forest of 
Halatte, about a cluster of oaks and hornbeams of twenty or thirty 
years. The forest itself is large, containing about twelve thousand 
acres. M. Fautrat had the happy idea of trying some observations 
above the forest. His stations were therefore duplicated, one being 
below at the height of 4J feet {1.37 m,)j the other above the trees 
about 20 feet (6.09 m.), and 46 feet (14.02 m.) above the ground. The 
forest station was reproduced 1,000 feet (304.8 m.) away in the open 
fields. Each station had thermometers, psychrometers, rain gauges, 
and evaporometer. Under the trees the number of rain gauges was in- 
creased to six, distributed in such a way as to give a good indication 
of the amount of rain passing through the foliage. The stations were 
on a soil of fine sand, cemented by clay, and were at an elevation of 354 
feet (107.9 m.) (base) above the sea and 400 feet (121.9 m.) taken above 
the trees. About 5 miles (8.04674 kil.) away was a second pair of double 
stationsj they were in and near the state forest of Ermenonville. The 
trees were twcuty-flve year pines, about 40 feet (12.19 m.) high. The 
stations at Halatte were duplicated here, including the elevation of the 
station above the trees. This brought the higher instruments to within 
a very short distance of the foliage — 5 or 6 feet. The soil here was a 
coarse white sand, and the open-field station was on a sandy plain. 
The elevations above the sea were 302 (92.06 m.) and 341 (103.9 m.) feet. 
There were six ordinary gauges under the trees and an additional large 
one, over 6 feet (1.52 m.) in diameter, wJiich surrounded the trunk of a 
large pine tree. The printed observations (in the Gomptes rendus) are 
somewhat firagmentary and extend over about four years. There has 

'Boport on Forestry, vol. i, United States Department of Agricaltiiie. 
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been printed a sejtarate publicatioit on this Hnhjort, but T liuve not seen 
it; its data are said by Dr. Jjorenz Ijiburnau to difier Bomewhat from 
those in the Comptes rendus. 

GERMANY. 

In 1868, with the aid of the Bavarian Government, Dr. Ebermayer 
began his well known aeries of observations. The resnlts for the first 
year were made the subject of an independent pnblication. They relate 
exclusively Ut the problem of the interior forest climate, and the con- 
clusions reached by Dr. Ebermayer have been generally confirmed by 
later observations. Dr. Hough has devoted twenty pages of his report 
for 1877 (pp. 230-251) to an account of this service and an abstract 
of its results, so that they do not need to be detailed here. Dr. Eber- 
mayer, then in the forestry school at Aschaflfenburg, is now professor 
at Munich, and his publications on forest meteorological topics still con- 
tinue. In the beginning of 1869 three pairs of parallel stations were 
established in Switzerland. They are also described by Dr. Hough in 
his report (p. 255) cited above, • 

In 1875 the German meteorological forestry service was establisbed. 
The stations are here in pairs, one in the forest, the other outside, ftnd 
the observations are made in succession at the two stations of each 
pair. The rule was adopted to have each of the stations at least 200 
yards (182.8 meters) from the margin of the forest, but this was Dot 
found to be always practicable, and the distance in one place sinks to 
less than ninety yards (82.29 meters). The stations were selected to rep- 
resent every variety of position possible as to distance from the coast, 
topography, and kind of trees, and each station of the pair was pat 
under very similar conditions of soil and elevation. Seventeen such 
stations have been established; ten in Prussia, three on the Imperial 
lands, and one each in WUrtemberg, in Brunswick, in Thuringia, and 
in Hanover, The observations at Wiirtemberg station continued only 
from the beginning of 1880 to the end of 1885. TLe other stations are 
still a«tive; thoy are conducted on a uniform plan and are under the 
direction of Dr. Miittrich, of the academy of Eberswaldo. The instru- 
ments are made by Fuess; they are carefully compared when put up 
and are regularly inspected once in five years. Iiistrnments are kex>t 
in reserve at each station so that the defective ones can be at once re- 
placed without breaking the continuity of the observations, 

The Hanover station is Lintzel, and this is exceptional in that it is 
among the young plantations of trees now formed on the great Lunc- 
berger heath. Pield and forest stations both exist, but tree-top obser- 
vations are not made. The principal features of the stations are shown 
in the accompanying table, in which they are arranged in order from 
northeast to southwest. By the elevation is meant that indicated by 
the barometer, which is so nearly the same for each station of the pair 
that it may be taken irom eithef. The readings ace «xact, except for 
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thethird, fifth, aistU, seventh, olevettth, twelfth, and fonrteentb stations, 
where they are approximate. 

German alaliom for foreil meteorology. 
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The field station is generally on cultivated soil, in a few cases on 
meadows or marshy land, 

A monthly and an annual report are published from these stations 
and the results have been made the subject of several special studies — 
notably the temperature observations have been discussed quite re- 
cently (1890) by Dr. Miittrich. 

The observations are taken on the same plan as those In Bavaria, but 
observations of the tree temperatures and the measures of ground water 
are omitted. 



In 1876 the Swedish observations were begun under the direction of 
the meteorological central office, and cliiefiy at tlie expense of the State. 
The stations are here selected in a difterent manner from those in the 
other services. There are few that are under trees; there are many 
more in small glades or openings in the forest, and the comparative 
field stations are usually quite distant and in a freely open coautry. 
This offers some advantages, tbr it permits the discussion of glade 
climate or the climate in the vicinity of forests, as distinguished from 
that under trees or tliat iu open regions away from trees, A disad- 
vantage is found in the fact that the results are not strictly comparable 
with the results of observations taken elsewhere. The observations 
have, for several years, been under the direction of Dr. H. E. Hamberg, 
who has published a discussion of the results in temperature and 
humidity, the first in 1885, the second in 1889. The publications made 
up to this time relate t* temperature and humidity only. 
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The stations mentioned so far were generally parallel etations, that is 
double, oue set of instruments being in the woods, the other ontside. 



The radial stations proposed by Dr. Lorenz-Libnrnau were estab- 
lished in Austria in 1884 and following years. The ontside stations 
in each radial system were to be in various directions and at varying 
distances fi-om the stations in the forest. 

Dr. Libumau found great difficulty in arranging them, siuce some of 
the stations should be at considerable distances, and all of the same 
group should be at the same sea level. Naturally the arrangement 
would also require a separate and distinct forest of no great extent. 
Th&se conditions were bard to fill and but few suitable places were 
found in the whole Austrian Empire. Up to the present time only 
three such groups of stations have been established: 

(1) In northeastern Austria, the group about Karlslust on an ex- 
tended plateau, between Eetz and Znaim, with an average elevation of 
1,300 feet (396 m.). 

(2) In eastern Galicia, near the Russian boundary, on an ext«n8ive 
plateau, between Konstancya and Skala, with an average elevation of 
886 feet (270 m.). 

(3) On the northern base of the Carpathians, in the undulating region 
near Eaehin, at an elevation of 1,300 (396 m.) to 1,600 feet (487.6 m.). 

Observations of temperature and humidity were taken under the 
trees, also in the tree crowns and at various elevations above the trees. 
Corresponding observations at the same heights were made over open 
land. 

The results of the observations during the years 1885 to 1887 so far 
published have not been before the writer.* From a review, however, it 
is learned that the director, Dr. Libumau, a most competent authority, 
draws the following conclusions: 

(a) Tho normal denruase of tomporature with tha elevation, ob^erveil in the open 
conntry, is inotlified in the forest, duriuj; the day, by the wamiing of the crown 
cover, especially of the npper poFtiona. In the forest the crown cover has the same 
relation to the temperature as have the soil and the smaller vegetation in the open 
coontry. Thus the normal dei^rease of temperataro with the elevatiou remains nni- 
form in the open country, but in more modified in the forest under the influence of 
the warmed crown-cover than in the open country under the influence of the soil. 

{b) During the night the crown cover haa also the same relationsliip to the soil 
and vegetation of the open country, except that temperature reductions hare dif- 
ferent values. 

(a) As the temperature in the forest is higher in the upper regious of the crown 
cover than in the lower and among the trunks and on the gronnd, especially during 
the day, it follows that the shade coutributes more to its reduction of temperature 

• Investigations into the liumidity and condition of temperature of the forest and 
of the open country, and the results of the forest influence upon the climate in ita 
proximity. 

12444-No. 7 
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thau transpiration ; altofcether, th« eoolioK ofTect of trnnspirntion np to this time 
eeeme to have been nvervHti mated., 

(_d) The warming efToctof the upper crown cover upon the temperature daring the 
day in a lioech growth extends only about 2 :n. (6J feet) above the crowns, and 
indeed is most prononnced in the wanneHt niontbn. 

(e) The absolute values of the teinpernture diifereucea cSeuted by the forest are 
not very iniptntant, but depend to a groat extent niwrn the species of the trees on the 
one bund and the kind of soil cover of the open coimtty on the other. 

(/) It is reniarkiible that iu theibrest the relative humidity iucreasos and decreases 
with the a})aoIu'te humidity, whereas it is known that in general, and aUo at the ata- 
tion in the open country, these two climntie elements are inverst-. This is accounted 
for by the fact that the forest is a source of atmospheric aqueous vapor as well as 
of cool in g. 

(9) The roHulta of the inveatigations at Ried show that the aqueous vapors from 
the forest often affect the air to a great height, With thin increase in the humidity 
of the atmosphere the chances of precipitation are incn^ased. 

From these observations Dr. Liburuau draws tlie following coiicla- 
sioua regarding the infliteuce of forests upon the general climate of the 
region in its vicinity: 

(h) since the temperature in the forest, to above the crown-cover, is in most cases 
lower than it is below in the open country, it follows that modifying currents can 
arise from the forest at any time of the day, especially in a generally still atmos- 
phere. In summer, during the ni^ht and toward niuming, diHerences of tempera- 
ture can produce a current of cool air froni the forest and from the air strata imme- 
diately above the forest; in the warmer part of the day, however, such currents can 
he looked for only fVom below and in tlie ornwn cover. 

(f) In the snmnier half of the year, winds coming from a distance and crossing a 
forest can be cooled below their original temperature by the influence of the forest 
considerably in the night and toward morning, but less during the day. 

(j) Theconclusions which Dr. Li human arrives at concern ing atmospheric hnmidity 
are based for the most part on the results of the observations at Riod. It was estab- 
lished that winds from the forest (at least from a beech forest) convey a greater 
water supply into the neighboring open country. It depends, hnwever, upon the 
original humidity of winds crossing a forest and upon the distribution of tempera- 
ture whether or not their humidity will be increased and they will subsequently in- 
crease thehumidity of the adjacent open country. 

Hence Dr. Liburnau concludes that the humidity of wivrm and dry 
winds will be increased by the presence of a forest, but that such winds 
as are already quite thoranglily saturated can receive no eHsential 
addition of aqueous vapor, but only an increase in relative humidity. 
It was also observed at Ried that winds coming from the forest to the 
station iu the open country have a higher humidity, both absolute and 
relative. 

(k) Finally, Dr. Liburnau remarks with reference tn the dist.ant iuflnence (of the 
forest) that this absolute humidity, as increased by the effect of the forest,* remains 
in the atmosphere as long &s it in not lost by condensation, and that, on the other hagd, 
the Increased relative humidity decreases as soon as the forest air reaches the warmer 
open country. 

'Within the last two mouths a further contribution from these stations has been 
published, discussing more in detail the iiiSuence of forest areas on the climatic con- 
dition of the neighborhood, whieb publication, unfortunately, could not be obtained 
in time for a review in this report. B. E. F. 
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OBJECT8 AND METHODS. 

Til 1868, before the publication of Ebermayer's results or those of any 
other systematic series of co-operative observations in forest meteor- 
ology, the Congress of German Foresters and Farmei-a at Vienna, 
struck with the paucity of results from the much talked-of forest mete- 
orological observations, put the subject in the hands of a special com- 
mittee composed of the most eminent German stndents and authorities 
on the subject. The committee met at Eegcnsburg in November. Its 
attention was chiefly directed to other aspects of the forestry question, 
but it proposed a sort of programme or series of problems as the proiier 
object of forest meteorological observations. These are: 

(1) Deletmi nation of the temperaturo nniler woods anH outside. 

(2) Investigation of the temperature of trees as compared with that of the soil and 

(3) Inveatigation of the soil of forests, dcterminatinn of its temperatnre at dif- 
ferent depths, sitnatione, exposure, and nnder different kinds of trees. 

(4) Influence of the covering of the soil on damage by frost, 

(5) Determination of rainfall under woods nnd outside. 

(6) Infinenco of the covering on the humidity of the soil and on tlie evaporation 

(7) Determination of the amount of ev.iporation in the forest and without. 

(8) Determination of the ground water at dilfereut depths, nnder iroodit and out- 
side, with Tarions aspects and under various kinds of trees. 

(9) Determination of the amount of carbouic acid and of the hnmidity of the for- 
est during the season of vegetation, under a more or less compact cover of foliage, 
under dilfereut trees and in varied siluattons. 

This is an extensive programme, and is of interest as the first which 
had been formulated under such auspices. It will be noticed, however, 
that it does not include observations at any elevation, and especially 
observations above the woods. It does not seem to have occurred to 
the committee that meteorologically the forest is a sort of surface cov- 
ering to be compared with that of sod or crops, sand or water, and that 
in other cases observations are taken as well above the surface cover- 
ing as in it or below it. Observations above woods were, however, not 
included by the committee, and since this programme served to give 
object and aim to the new services of that day, as well as to those 
established later, these important observations have been almost 
entirely neglected. 

The Prussian (afterward the German) forest meteorological service, 
established six years later, adhered, in most points, to the Regensbiirg 
programme. In its instructions to its observers it defines their task 
as that of furnishing observations on — 

(1) The temperature of the air in forests compared with that in open liclds. 

(2) The temperature of the air at 5 feet elevation, compared with that in the tree 
crown, 

(3) The hygrometric condition of the air within an ,i without woods. 

(4) The saiiie at a height of ,5 feet compared with that in the tree crown. 
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<5} Evaporation within aud wltboDt tbe wooda. 

(6) The Tain and snow reaching the gronnd nithin and trithout the woodi. 

(7) Tbe temperatures of forest soil at the Bitrface and at the depths of 6 indtes, 
1, 2, 3, and 4 feet, compared with the tempflratores at oorrespondlDg depths in the 
open fields. 

There were also the highly important conditions attached that the 
instruments and tlieir disiMsition should be alike, and that the hours 
of observation and Toethods of rednction should be the same. 

In the second international meteorological congreBS, heM at liome 
in April, 1879, it was resolved that — 

In order to contribate to the progress of forest and agricultural meteorology, the 
congress recommends as a programme of stud; : 

(1) Tbe inQnenoe of the moteorologioal elements upon vegetation. 

<2) Tbe InTerse influence of vegetation upon tbe meteorological elements. 

(3) Agricultural warnings. 

The congress, finding the subject too important to treat hastily, con- 
cluded to charge tbe intemational committee with the convening of a 
special international conference to take into consideration the develop- 
ment of agricoltnral and forest meteorology. 

Such a conference convened at Vienna on the 6th of September, 
18S0. This was so representative a meeting and illustrated so ^vell 
what the most able and most esperienced men thought on this sub- 
ject that the reports, remarks, and resolutions will be given at some 
length so far as they relate to the action of forests on climate. Dr. 
LorenZ'Liburnan, of the Austrian Department of Agriculture, and 
president of the conference, said that when the influence of vegetation 
on climate was referred to, solitary plants could not be meant. It was 
a question of masses of vegetation, such as meadows, moors, and forests. 
There was also a distinction to be made between the climatic action 
produced within the massed vegetation and that upon the vicinity. It 
is only for a forest that the question of the interior climatic action can 
arise, and on this questiou certain definite numerical results had heeu 
obtained for central Europe, in certain localities. These show that 
the inner temperatures are slightly lowered, the teuipeiatnre extremes 
are moderated, the relative humidity is raised, and the evaporation 
diminished, while it remains doubtful whether the absolute humidity 
or the frequency or quantity of precipitation are changed. 

As to the influence of vegeteition on its vicinity, csact data do not 
exist, either for the forest or for other forms of vcgehition in mass. 
Yet, on theoretical grouuds, it can not be doubted that such an influ- 
. ence exists, within certain limits, and appropriate methods of observa 
tion must be able to show it. They should include observations on the 
temperature, precipitation, cloudiness, insolation, and wind. The con- 
ference adopted these views. 

As to the method of observation. Dr. Liburnau pointed out that the 
existing arrangement of one station within and a station for compari- 
son outside the region covered by the vegetation to be investigated 
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might be called the method of parallel stations. This is a commeDdable 
arrangement, and promises the speedier results, the more the climate 
at the station takes on a contioental character. The distance of the 
stations of each pair from each other is au important point. In each 
pair the meteorological elements should be taken at the ordinary height 
and also in the tree crown. The temperature of trees and soil should 
be iucluded. As to precipitation, it is of importance to get not only 
the amount which passes through the foliage, but also that which runs 
down the trunk. The penetration of precipitation into the soil, the 
evaporation from the surface in different kinds of forests and with 
difliarent coverings of the soil are of importance because the state of 
humidity and temperature depends on them. Observations of ozone at 
. different heights are contingently recommended. These observations 
should be exactly duplicated, so far as possible, at the field stations. 
The treetop observations should he duplicated by field observations at 
the same height. To get the influence of the forests on their vicinity, 
a different system of stations is desirable; this should be a system of 
radial stations as coutradistinguished from the parallel system. This 
consists of one station in the forest and several outside, arranged in 
the directions of the four principal points of the compass. There should 
be at least two in each direction and at different distances from the 
forest, so that one set should include at least nine stations. All the 
observations carried on at the parallel stations should also be taken at 
the forest station of the radial system, but at the field stations the 
number of instruments may be reduced to a psychrometer, evaporome- 
ter (Picbe's), and a rain gauge, and the observations at the height of 
the tree crown may be omitted. 

The question of exposure of thermometers aroused much discussion 
and it was agreed that comparative observations should be under- 
takeu. As tn hours of observation, Dr. Milttrich favored morning and 
noon (2 p.m.), while M. Grandeau andDr.Bbermayer favored morning 
and evening hours. Dr. Riegler thought the 2 p. m. observation was 
to be especially recommended because it was about the hour of maxi- 
mum forest effect. The conference finally decided to recommend 
morning and evening hours, with the reading of maximum and mini- 
mum thennometers. Observations of insolation were discussed, but 
MM. Mascart aod Tacchini assured the conference that no suitable 
acttnometer exists. It was, therefore, decided that observations should 
at first be undertaken only on the time, duration, and relative inten- 
sity of sunshine; the latter ou sensitive paper, at stations of the first 
order. The subject of an actinomet«r capable of giving insolation tem- 
peratures with exactness was recommended aa a subject worthy of the 
especial attention of scientific institutions. 

It ffas decided that soil temperatures should be taken at various 
depths up to '. inches (1 mm). The humidity should be obtained by 
the means of August's psychrometer and a hair hygrometer, and tii- 
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daily observatiftiis should be taken. AlougdiscuHsiou followed on Dr. 
LibuFiiaa'B reconiineiidatiou of Ptche'a evaporometer. It was stated 
that the observations gave no meaus of comparison with antaal natnral 
processes, that the readings of the instrniuents werenntnistwortby 
and the errors hard to correct, that it was desirable to follow more ex- 
actly the processes of nature, that it is not possible to tind an iustru- 
meut fulfilling all necessary conditions, and that ou this aceouiit the 
Italian service had rejected all evaporomet^rs. The conference finally 
decided that, while observations of evaporation were important, there 
is no form of measuring instrument which can be especially recom- 
mended. An instrument should be invented which would permit tlie 
measurement of evaporation from a free water surface and also froui 
soils of difl^rent characters. Provisionally observations should be 
carried on with the weighing instruments and with Cautoui's modifica- 
tiou of Piche's instrument. 

Clouds should be observed; fog should be recorded when it covers 
the station and its density should be given ou a predetermined scale. 
Herr Friesenboff recommended a measurer of dew depending on the 
power of rock salt to apjtropriate atmospheric water, Drs, Neumayer 
and Ebermnyer expressed the opinion that balance drosometers should 
be tried. They should have larger dimensions (2 feet square or more) 
whicli should be filled with different materials. The contferenco com- 
mended the subject of a good measurer of dew as a proper subject of 
study. The measurer of prei'ipitation should be on the model recom- 
mended by the International Congress and Committee. The seepage 
of ground water is important, but the so-called lysinieter is not to be 
recommended. Wind observations should be taken, as at ordinary sta- 
tions. 

The system of parallel stations, already adopted in Bavaria, Switzer- 
land, and at the other German stations, was especially commended. 
Badial stations were commended for the broader fields of observation, 
and it was recommended that a series of such stations should be 
established in eastern Germany and in Austria Hungary, and the 
final recommendation was made that observations should be made at 
the tbrest station of each radial system, directly over the crown of the 
trees. Thus this happy method, the fundamental importance of which 
makes it strange that it was not employed from the first, reached at 
least the stage of recoinmendatiou for general use. The practical diffi- 
cutty of its use is probably what has prevented its adoption. Tbis could 
be easily overcome by the use of registering instruments wbich are 
made to run for fifteen days without attention, or by the use of the now 
excellent instruments for electric registry at a distance. 

To the proposal of the first meteorological congress for replies as to 
what could best be done, Dr. Woeikoff made a suggestion which was 
not taken into consideration by the conference. He proposed India as 
the best field for such studies, especially with reference to rainfall. 
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For this parpoae observiitionB could best l)e taken in the central prov- 
inces and Berar, as they are hottest in April and May and the forests 
are extensive. India alao permits a study of the ett'ects of irrigation 
on forests. 

The German service supplies each of its stations with psychrome- 
ter, maximum and minimum thermometers, six soil thermometers, ba- 
rometer, evaporometer, and raiu gauge. TUe soil thermometers for the 
surface and the depth of (> inches are supported by small tripods. The 
four thermometers ibr greater depths are in wooden cases, open at the 
bottom and extending downward only so far that the bulb of the ther- 
mometer may remain in cont'act with the soil at the depth required. 
The cases are placed together and are open at the top to permit of 
ready access to the instruments. A cover over the open ends keeps 
out the water and exterior air currents. The thermometers are taken 
out for observation, read as quickly as possible, and replaced. The 
evaporometer is a square receptacle of zinc with a surface of about 2 
square feet and a depth of about 5 inches. A measured amount of 
water is placed in it, and the loss, expressed in thickness of layer evap- 
orated, is noted at the beginning of each month. This instrument is 
protected from precipitation by a wooden I'oof, but the air is permitted 
to liave free access. The force and direction of the wind are estimated, 
the former on ttke 1 to 4 scale. 

The rain gauge has an opening of about 2 square feet (18.58*'") and 
is placed at a height of 5 feet (1.52'"), like the other instruments. The 
snow gauge has the same opening, bat a larger body, to prevent the 
snow from being blown out 

The observers were intrusted with other observations, especially 
those relating to the leating, flowering, aud other stages of certain 
plants, and the list of plants to be observed is given. It includes 
26 wild plants, mostly trees and shrubs, and 7 cultivated ones. 
Observations are reijuirejl of the arrival and disappearance of a few 
designated species of birds and insects, and the time of heat of the 
deer aud I'abbit. Tlie order in which observations were to be taken, 
the mode of recording, the methods of reduction, and all other details 
are minutely given in the instructions to observers, and painstaking 
care is required throughout. 

From 1884 Dr. Loreuz Liburnau put in operation some of the fertile 
ideas which he bad already suggested. TLe three systems of radial 
stations were organized as already described. Dr. Libumau thought 
that the general character of the influence of the forest on climate 
was already determined and that there was now required only the 
elaboration of details. The radial stations were designed to fix the 
relations of the forests to the climate of Hie vicinity with varying direc- 
tion of wind, aud a special series of observations were made to fix the 
relations of forest humidities and temperatures at various elevations, 
below, in, and above the tree tops, aud to determine their modifications 
with general changes of the weather. 
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The most elaborate aerios of observations of tbis kiud were those tab en 
near Bied, iu lower Austria, iu 1887 and 188S. They were especially 
devoted to the problems of humidity, and to obtain tlioroaghly satis- 
iactory results the ordioary wet and dry bulb thermometer waa rejected 
and an exact chemical method substituted. This consisted in passing 
a knowa volume of air through calcium chloride and phosphoric acid 
aod ascertaiuing by weight the water taken up by the latter. The case 
containing the chemicals was elevated, by means of a pulley on a mast, 
to the height at which the observation was to be taken, and the air Tvas 
drawn through it by means of an aspirator below, connected with it by 
a rubber tube. 

The observation occupied an hour aud thirty minutes and the tein< 
perature was taken at the beginning and end by means of an upsetting 
thermometer, elevated by means of a pulley to the height required. 

The results were very exact for the absolute humidity, less so for the 
relative. The heights at which the observations were taken were 4 
inches (lOLfi"""), 16 (4.87"'), 30 (10.97""), and 51 feet (Id-S"). The 
second was under the tree crown, the third in it, and the fourth was 
18 or 20 inches above it. The trees were red beeches, 60 to 70 years old, 
with a few white beeches aud tirs. The station itself was in and over 
the beeches. 

SOIL TEMPEBATUKES. 

The soil affords an excellent means of measuring the average tem- 
perature effects of the forest. This is due in part to the fact that the 
temperature of the air is not derived so much ii'om the direct rays of 
the sun as it is from the heat reflected or radiated from terrestrial 
objects. These absorb the heat from the sun's rays more readily than 
does the air aud yield it again to the air. The soil serves in another 
way also to average the effects of forests. The soil is more slowly 
warmed by the sun than is the air, and the deeper the stratum the more 
slowly it is warmed. The result is that rapid and passing changes of 
air temperature do not affect it, or affectitonly superflcially. It tends 
to show only the great periodic changes in tem[)erature, and from it we 
are able to ascertain what influence the forest has on these changes. 

The results which follow are always given, in terms of the difference 
of temperature of the soil in woods and iu open fields. If we put W for 
woods or forests and for open fields, the data given hereafter* fbr 

The borizontal lineB (ardiuates) above or belaw the zero liue lepreiteiit values or 
amounts, degrees of temperature, inches of precipitation or evaporation, percent- 
ages, etc. The vertical lines (absoissie) represent time, dividing the field into 
twelve seasonal divisions corresponding to the twelve months of the year, tlie outer 
linea both standing for the month of December or commencement of winter. Tbs 
curve lines are constructeil by noting on each month); line the values found for tbs 
month, and then connecting these points by either straight or ronnded-oEf lines. 
Unless otherwise noted, the values so platted are the dlSeranoea between the read- 
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temperature are always, except where otherwise stated, the values of 
W —0. A positive sign ( + ) indicates always that the woods are 
warmer than the fields; a negative sign { — ), that the woods are cooler 
than the tields. The degrees are Fahrenheit and the other units of 
measure are the usual English ones, unless otherwise stated. 

In Fig. 1 are given the mean annual dififerences of temperature for 
tields and woods at the siu-face aud at the depths of 6 inches and i feet. 
These are for the German stations, a brief description of which may 
be found on page 30. They are arranged in the order of their differ- 
ences at the surface, and at the right hand are given the average 
values. It will be noted at once that the differences vary much for 
the different stations. The mean annual difference for Hadersleben is 
less than one degree at the surface, while that at Melkerei or Neumath 
is nearly four degrees. It will also be noticed that the diff'ereiiees at 
6 laches vary with respect to ea«h other and also with respect to those 
at the surface. They are generally less than the surface differences at 
the same stations, but Hollerath furnishes a notable exception. Ou 
the whole they run with the surface differences, but are somewhat less. 
Again the differences at the depth of 4 feet differ among themselves, 
but not so much as do the others. Their relative uniformity is due to the 
depth at which the temperatures are taken, the smaller surface changes, 
ill temperature and in water contents, being little felt. These differ- 
erences are usually greater than those at the depth of 6 inches and 
loss than those at the surface. But there are exceptions to this, not- 
ably in the cases of Hollerath ami St. Jobaiiu. These differences in 
the action of the forest are due to several possible causes, such as dif- 
ferences in soil as well in the Held as in the forest station, in kind of 
trees, in their density, in the exposure, in tlie character of the air 
drainage. 

ingH under two setnof conditions, uamely, iu must caaea (be values wliicli were found 
for the stations in the wooda (W) diraioisUed by tba values fouud for the statioDS iu 
the opeu 6eld (O), or W — O. 

The valne of this diffeieuce is positive, if the curve vudb above the zero liue — that 
ia to say, the records for the woods ( W) showed higher values than that for the opeu 
field (O); itisnegative, i.e., the record for the woods was lower, if tbe curve line I'uns 
below the zero line. The greater, therefore, the vertical distance of any poiut iu 
the curve from zero line, the greater ia the influeuoe of the wooila. In temperatnre 
readings, for inatance, the cncve above the zero liue would denote that the wooda 
were warmer; below the zero line, that the woods wore cooler than the opeu field 
by as many degrees as the curve runs above or below the zero liue, the latter repre- 
seiltiug that state of conditions when W = O, J. e., wiieii there ia no diA'ereuce iu the 
readings for tlie two aeta of conditions. 

Where values for each set of conditions are plotted separately, the area included 
within the two cutve lines (batched) exhibits the diflerence between the woods and 
opea field. 

To exhibit more rea<lily the amount of influence of the forest, the aieas included 
by Uie zero liue aud the curve for mean values is also hatched in most cases. 
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Hadersleben, - 

lirdxel, - - 

Mlerath. - - 

Schoo, - - - 

Lahnhof, - - 

Marienthal, - 

Fritzen, - - 
Friedrichsrode, 

St. Johann, - 

KuTwien, - - 

Carlsberg, - - 

Ebersivalde, - 
Sehmiedefeld, 



Sojtnenberg, 
Neumatk, - 
Melherei, - 
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Some of these will be discuRsed luter; the material ou hand does not 
permit the discussiou of the others. They are instructive, however, 
in showing how great is the difference iu actiou of dift^rent forests. 
For instance, the effect on the temperature of the snrface at Melkerei 
{ — 3".95) is nearly five times as great as at Haderslebeu ( — 0».84). This 
difference of action of the forest is far-reaching, for it extends througli 
a layer of 4 feet of badly conducting soil. The difference at this deptll 
at St. Johanu ( — 3",03) is about three times that at Eberswalde ( — l^.OG) 
or at Hadersleben ( — 1".04), and is five times that in the young forest 
at Liiitzel ( — 0°.58). The average of the seventeen stations (represent- 
ing about two hundred years of observation) should give us good and 
significant results. It shows for the surface— S^.oS, for a depth of 6 
inches {152 mm.)— KST, and for a depth of 4 feet (1.22 m.)— 2".02. The 
influence of the forest on the soil, tlien, is a cooling one, on the aver- 
age, and for central Europe the cooling amounts to about two and a 
half degrees for the surface. The cooling is due to several causes : The 
first is the shade ; the foliage, trunks, branches, and twigs cut off much 
of the sun's heat, absorb and utilize it in vegetative processes, or in 
evaporation, or reflect it away into space. Thus the surface soil in the 
forest receives less heat than the surface of the tields. The same screen 
acts, however, in the reverse direction by preventing radiation to the 
sky, tlius retaining more of the heat than do the opeu flelds. The bal- 
ance of these two processes, it seems from observation, is in favor of 
the first and the average result is a. cooling one. 

But the thateh of living foliage is not the only screen possessed by 
the forest soil. It has in addition the screen of the forest litter, and 
this is in a condition to be even more effective than that of living 
foliage. It lies in contact with the ground, preventing the dissipation 
of the heat of the soil by moving air, and at the same time lying so 
]oosely as t4) tbrm air spaces, which act as insulators in the way of 
preventing the exchange of heat between the forest soil and air. 
These cooling influences are enfiuced by the moist condition of the 
forest soil s. It does not warm so easily as the drier field soil, and more 
of the heat which reaches it is used in evaporative processes than in 
that of drier soil. The balance of all these processes is, it appears, in 
the direction of cooling. And the cooler forest soil will cool, to some 
degree, the air in contact with it, and this air, flowing off to some 
other place, will take this cooler temperature with it, so that the cool- 
tiess of the forest soil will make itself felt over the vicinity. 

The differences of temperature at the depth of inches (152 mm.) 
are more than half a degree less than at the surface. In tliis is to he 
seen the specific effect of the forest litter; it adds a covering to that 
possessed by the surface, so that while the deeper layer is cooled as 
much by the protection from the sun's rays as is the surface, it is not 
cooled BO much by radiation of heat to the sky. Its temperature is, 
consequently, relatively higher, and it approximates somewhat more 
the field temperatures. : • ,^ ..^ ';;; 
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It is uot so easy Ut esptaia wliy tlie difference at 4 feet averagfea 
a little less than at the surface and a littlu more than at 6 inches. It 
may be due to retardation in the penetration of diurnal temperatures 
into the soil. This may be slower in the cotd, moist forest soil than in 
the warmer and drier soil of open fields. If this is the case observa- 
tions at the same instant at the tw<) stations would determine the 
temperature at two different parts of their curves. Tiie diurnal 
changes probably extend to a greater depth than 4 feet, and if they 









: 








HADERSLEBEN 




■ — 




H0LLE8ATH. 








CARLSBERG. _ 









_^i^ 


_,.,,.,... 


^ 


-- 


y 






HEUMATH 1 




■■■^ 






1 - 


,, 






' 


..•••- 1 




f=-- 


'-- 




^ 




■ 


— ' 




/' 




A 


EBERSWALOE 






■" 


-\; 




■•-.. 









' 


/ -c:^ 


1 AHNHnF. 








' 


\~ 




... 






^ 










HELKEREI, 








■\ 













^z 




_^ 




KUHWIEN. -, 




'-^ 


i;'- 




N-' 




"-> 


-- 


' 


/■ 


^'-■\ 


FfllEDRICHSRODE..- — 


'•^ 


^ 




X 


VN 








.. 




'/ 


A 








-— 




k 1V-, 






■■' 


/.' 


/■y^ 


fRITZEH. 


- 


'"- 


'■ 


/ 




SCALE 

of; 

OEQREES 
OF 


j:. 


















ci- 










/ 






\ 




/ 




























/ 
















^ 






1 1 




w 


nVe 


R. 


^ 


PRIN 


3. 


SUMMER. 


AUTUMN. 



ledopthof 4feiit. (Tholino 






have different times of maxima and minima (later in the forest) the 
increase of the difference at this depth could be explained. It maybe 
that a part (undoubtedly a small one) of the differences at the surface 
and at C inches may be due to this. The observations were taken at 8 
a. ni. and 2 p. m. 

Turning now to the progress of the difference, " Woods" minus " Open 
iield" re ad iugs, through theseasons, or, aswe shall generally express it, 
W — 0, as shown by the differences of the monthly means, another series 
, of iuteres.ting facts appear. 

''■'■ '':'•.''•.} n,g>ndtyGoOglc 



DIFFERENCES OF SOIL TEMPERATURE. 



45 



Fig. 2 shows the difl'ereuces of temperature tUrougli the year at the 
depth of i feet. Tlie curves for all the stations for which good monthly 
means for all the months could be obtained are put on one sheet for 
comi)arison. In order not to crowd them too much they are placed at 
diflferent levels, the zero level tbr e»ch station being represented by 
the line running under the name of the station, and the curves belong- 
ing to each station either unbroken, broken, or dotted lines nearest to 
its zero line. Seasonal lines are drawn for the monthly values, winter 
beginning with I>ecember, spring with March, summer with June, and 
aatnmu with September. T-lie stations are arranged in the order of 
the greatest summer differences. 

The distances between the horizont'al lines representing degrees 
Fahrenheit, the absolute amount of W — can be read. Thus, for Ebers- 
walde, during the month of December, W — is between two and three 
degrees, the soil in the forest being by that amount warmer than that 
in the open at 4 feet (1.22m) depth, while in the middle of July it is 
just five degrees lower. 
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Fto.3.— nifrerenoeDf Bail temT«TatiiTe(ir— O). all slations— German obBeTratoriea. 

It will also readily be seen that the values for HoUerath, Carlsberg, 
and Neumath are never above their zero line; that is to say, are always 
negative, the soil in the woo<ls being always cooler. 

This figure shows in more detail the differences between the stations 
which were so readily apparent in the annual means. The time of 
maximum is generally July, but Schoo, in a mean of ten years, gives a 
secondary minimum at this time, and for Carlsberg and Melkerei the 
maximum difference falls in August. Most of the stations give a posi- 
tive sign for W — in winter, some of them showing a large excess 
(Eher8walde+2°.41, Fritzen+2o.20); but there are several exceptions, 
and all those which do not cross the zero line come very near to it. 
The maximum monthly difference is — So.lT for Fritzcn in July. The 
least July value is — 1^.93 (for Schoo), less than a quarter of the pre- 
ceding. 

The sign of W — generally changes from negative to positive in 
December, and the reverse in March. The progress of these cucv^p js 
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nearly alike, and on («)uatructiiigtlie curve for the average this appears 
smooth and symmetrical, us is seen in Fig. 3. The dotted lioe bere 
represents the i)rogres8 of the diftereiiceK »t the depth of 4 feet. All 
the irregularities have here disappeared. Tbe temi>erature is seen to 
he warmer in the woods than outside during the entire winter. It 
then falls rapidly during the spring, reaches its lowest point about 
July 1, and rises again rapidly during the autumn. The broken 
lines represent the progress of the differences of temperature at the 
depth of tf inches and the unbroken that at tbe surface. The first have 
the smaller maximum values and also indicate u longer time during 
which it is warmer for woods. The maximum monthly differences are: 
For 4 feet, — S'^.Ol in July ; for 6 inchei^, — 5'=.48 in June ; for the surface, 
— 7''.05 in June. 

A glance at the curves shows more strikingly the retardation sug- 
gested by these values. By the course of the curves it appears that 
tbe maxima are successively later as we descend, being a fiill month 
later at 4 feet than at the surface. Probably the same thing occurs 
with diurnal changes; that is, they are retarded by some hours at the 
lower depth. It appears from these curves that, on the average, the 
forest soil is warmer than that of the open fields in winter, but cooler 
in the other seasons, and the total cooling effect is much greater than 
the warming one. The numerical data show that while the maximum 
negative value of W — at the surface is 7^.05, the maximum positive 
value (January) is O0.G6, or only about one- eleventh of the former. At 
6 inches (152.4 mm) the numbers are 5°A8 and 0°.63, and the ratio one 
to nine. At 4 feet (1.22 m) they areS^.l and 0°.3G,ot a ratio of one to 
fourteen. The forest, therefore, not only cools the soil, but also moder- 
ates the extremes of its temperature. Tlie amplitudes of tbe mean 
monthly values are decreased by 0.66 + 7='.05 = 7°.71 at the surface, 
03.62 + 50.48 = 60,10 and 0o.36 -f 50.OI = .jo.37 at l> inches and 4 feet 
depth, respectively, and through the soil this moderating influence 
must be appreciable in the air. 

The stations of the German service arc so happily distributed that a 
study can be made of the differences in the influence of deciduous aD(! 
evergreen trees upon soil temperature, and also those for elevation 
above the sea. For the first, seven stations under deciduous trees and 
seven under evergreens were taken, Fritzen and Eberswalde being 
omitted to get a symmetrical arrangement, and Lintzel, because the 
trees were young. The reductions were made for the two sets of sta- 
tions independently, and the results aj'e shown in Fig. 4. The nisnlts 
are here plotted separately for the surface, for 6 inches, and for 4 feet. 
The dotted lines refer to the deciduous trees, the broken ones to the 
evergreens. The differences are not great, but tliey are quite consistent 
at the three depths. They may be expressed by the statement that the 
differences vary a little more under deciduous trees. This is what 
should be expected from the character of their foliage. The sane 
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explauation would suflii* for tlie slight retardation of the fall of the 
(inrve for deciduous trees. There is one tieature, however, that is unex- 
pected. It is, that the difference between the two sorts of forests is not 
especially marked in winter. Ah a matter of fact, in the hig^h latitudes 
in which the observations are taken, the sun is so low in winter that the 
bare trunks and branches are fairly efficient screens against his rays. 

The darker color of these bodies also permits them to be more 
warinert up when the sun does appear. Besides, the i>er8i8tent cloudi- 
ness of the winter and the covering of snow in these latitudes tend to 
equalize the effects of the soil of these two type« of forests at this 
season. The annual means for the two kinds of forest differ but little. 
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For the surface tliey are — 2o.57 for deciduous trees, — 2^.62 for ever- 
green tree3;at6inche8 they are— 10.89 and— 10.82; at 4 feet— 2o,05 and 
— 20.19. They are repiescnted in the diagram for the 4-feet depth by 
the two straight lines, to show the slight diftterence between the two 
types of forest cover. The difference in amplitudes is somewhat 
greater. The amplitudes are: 
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FOBEST INFLUENCES. 



Ab to the effect of elevation above sea-level, there are seven stations 
over 1,900 feet (579 meters) and seven below 500 feet (152 meEers). The 
mean elevation of the first set was about 2,400 feet (732 met«rs), that of 
the second about 240 feet (93 meters). Lintzel was omitted, and ever- 
green and devidnous trees were about eiiualJy distributed in the two sets. 
The reductions were performed for each of these sets separately, and the 
results are shown in Fig. 6. The differcTices are a little more maiked 
than in the case of deuidaous and evergreen trees. The range is 
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FlQ. a.— Differencee of sail temiierature (woods nod op«n flelde). CompBriaon of elersllans abore 
6ealBvcl(H'-0). 

noticeably smaller at the higher levels. The forest cover there haa a 
greater cooling effectin summer and a greater warming effect in winter. 
Its influence in moderating a climate is, consequently, slightly greater. 
The difference in inflnence of young trees and old is also of interest, 
bnt the material is scauty. Lintzel is a station among young trees, but 
there are only seven years of observation (including 1888, the lateston 
hand at this writing). The curves are given in Fig. 6, and their lack 
of evenness betrays the brief series of observations from which they 
were drawn. The surface summer reduction seems very large, and that 
at 4 feet unusually small, but these results may be due rather to the 
soil at the station (Liineburg heath) than to the trees. Dr. Wollnyhae 
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made some studies of the effects on soil temperatures of vegetation at 
different heiglits and has found that on the whole they increase with 
the lieight. 

That the forest litt«r plays an important part in the matter of soil 
temperature can not be donbt«d, but no details are given on this point 
iu the published reports of the forest meteorological services. Numer- 
ous experimental observations have, however, been taken by Dr. 



Fra. e.— DiHcTvnciri of teniieratDre for yonng trees, I.lutsel Station, woods aud open fields ( IT— O) . 

Wollny, the results of which are graphically exhibited iu Fig. 7. The 
unbroken curve is here the result of several years' observation; the 
broken ones represent shorter series, made to test the eflects in indi- 
vidual soils. The comparison is always made with bare soil, and the 
positive sign here means a higher temperature in the covered soil. 
The general trend of the curves is strikingly like that in forests. 
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The material at hand does not permit the study of other modifying 
iufluences — soil, latitude, prevailing eloudiiieas, water in the soil, etc. 
As a means of comparison, it may be of interest to give the progress 
of soil temperatures under sod as compared with tliat under bare soil. 
This is given in Fig. 8, which represents the means from an eleven- 
year series of observations by the MM. Becquerel. The trend of the 
curves is quite unlike that of the forests. The sod is relatively warm- 
est in autumn and coldest in spring, and the mean is in favor of warmer 
12444—^0. 7 4 
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50 FOREST INFLUENCES. 

rather than cooler temperatures. The curve is coiit^tnictet) on the same 
scale as all the other figures of this chapter. The amall May indeuta- 
tion is very curious and is unexiilaiued. 
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FlO, 8.— DiftereucB of mil Itmpermli 

From the report of Mr. Feruow for 1889, the following tables are here 
reproduced, coiubiniug resnits of various sets of stations in difi'erent 
parts of Germany; the temperature is given in centigrade, the minus 
sign denoting lower temperature in the forest, the plus sign higher 
temperatures. 

Difftrencei of lempecalure of lft« «ai( inalde anrf oaiiMe of a fnre$t. 





FBbn.arj- 
April. 
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The mitig»tiDg iDflaeDce on the soil temperature a|>|>eATS atill more clearly whei 
the maximum and minimum temperatures for the year or the range of temperatiin 
is compared. 
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MR TEMPERATURES IN FORESTS. 



TEMPBBATUBBa OF AIR IN" THE INTERIOR OF FORESTS. 

We pass now from tlie soil, wLicb is fixed and the temperature changes 
of which are diie to the changes of the surrounding medium, to the con- 
stantly moving air, the temperature changes <if which are to some 
extent due to the motions of the medium itself. The results for the 
air from this cause are less definite, more variable, and more capricious 
than those derived from observations on the soil. At the surface of 
the soil there is ouly an imperfect relation between the temperatures of 
the soil and air. Yet it is undoubtedly true that the air temperatures 
near the surface are due in the first pUice to heat derived from the soil. 
It is to the motion of the air, carrying with it its temperature, that 
this disparity betweeu soil and air temi^eratures i» due. 

The observations ased here are those of maximum and minimum 
temperatures." These afford satisfactory results, because what we are 
concerned with Is not so much the temperatures in woods as the differ- 
ences between temperatures in woods and those outside. Besides, in 
nsing the extreme temperatures, all danger is avoided of being misled 
by a diflerence in the diurnal progress of temperatures at the two sta- 
tions. The extreme temperatures, also, are those which best show the 
influence of the forest, for this is exercised chiefly here, as in soil tem- 
peratures, in reducing the extremes. The data used are always, unless 
otherwise stated, the values of W— (woods minus open fields reading), 
and it is to be remembered that a minus sign (or position below zero 
line) indicates colder temperatures in woods, a plus sign (or position 
above zero line) warmer. Tho observations are taken at the same 
height from the ground in the woods and outside. 

ANNUAL RANGE. 

Fig. 9 shows at a glance the mean annual values of the temperature 
diflerence of ir~ O in tlic case of maxima, minima, and the mean de- 
rived from them. The heavy line across the figure represents the zero 
line (for ir— 0=0). The annual values for H^— Oforthe maxima are 
always negative and they are laid oft' to scale below the zero line. The 
annual values for W— O for the minima are always positive and they are 
laid off above the zero line to the same sculc. 

It appears at once that the action of the forest varies greatly in the 
different stations. It always cuts down the annual mean of the monthly 
maxima, but to a very variable extent. In the caseof St. Johaiiu (five 
years of observation) it cuts off the maxima by an average of i^M, 
but in the case of Schoo it is only lo 44, or less than oue-tbnrth, and in 
the case of the young forest of Liotzel, it cnts down the maxima by 
only 00,35. The average amount of reduction for all stations is 2o.85. 



■. Miittrinli liaa piiblishwl n coinpletii reduction of tlie iiir lemiiei 
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AIR TEMPEEATURES IN FORESTS AND OPEN FIELDS. 53 

Vety mucli tlie stime is true of tlie miiiiiiia temperatures. They are 
always cut off in tlie annual meau, but by a varying amount. Tbe 
largest reduction of the minima is for Sonneiiberg {2°.5ti) ; the smallest 
is for Melkerei {0'^.74), except for the young forest of Liutzel station, 
where it is only 0°.43. The average amount is 1°,3.'J. 

The length of the lines opposite the names of the stations in Fig. 
9 indicates the reduction of the range in temperature in the woods aa 
compared with the o\itside. This is a reduction of range, because the 
forest lowers the highest temperatures of the day aud raises the lowest. 
This reduction varies like the pieoediug, of which it is the sum for ea«;b 
station. For St. .Johanu it is (io.25, for Sonnenberg 5° .92, while it is 
only 1°.8G for Haderslcbeii and (t^.lH for Lintzel. This is a measure 
of the degree by which the air temperature is moderated in the woods 
in the average. The absolute moderation is often gi'eater, as the woods 
become more eSicieut in reducing greater extremes, espe«ially in low- 
ering the liigliest temperatures. This is seen by considering the abso- 
lute range for the year — that is, the number of degrees between the 
highest temperature for the year and the lowest. The mean of the 
absolute annual ranges at all the German stations is for the open fields 
920.90, for the woods 81°M, which gives a reduction of W^M. The 
mean range for all stations is 4^,18, or hut a little more than a third of 
this. The value of W^O for the mean annual temperatures is one- 
half of the sum of the value of W — for the maxima and loinima. 
The reduction of the minima is always less (except for Lintzel, young 
woods) than the reduction of the maxima, and the combined effect is 
necessarily a cooling one. On Fig. 9 the position of the mean tem- 
perature compared witli the zero line is the point in the middle of the 
line representing the range of W — for each station. This is marked 
by a short cross line. It will be observed that in every case, except 
the one mentioned, this mark falls below the zero line, or on the cool- 
ing side. 

The amount of reduction of the mean temperature varies with the 
reduction of the extremes, and is very diftferent for different stations. 
For St. Johanu it is lo.76, for Melkerei it is lo.72, but tbr Knrwien it 
is only 0'^.17, while for Lintzel the mean temperature is 0°.04 higher 
in the woods than out. The average reduction of mean annual tem- 
perature for all the German stations is 0O.76. 

It appears, therefore, that the forest moderates (by reducing the ex- 
tremes) and, cools (by reducing the maxima more than the minima) the 
temperature of the air toithtn it. The taoderating influence is decidedly 
greater than the cooling effect. 

MONTHLY RANGE. 

Ob taking up the consideration of the mean monthly values of W— 
a very curious series of results appears. Fig. 10 illustrates the influ- 
ence of the forest on the temperature of its interior air at Frledrichs- 
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rode, bat is a type of all the curves, differiii)); fliiefly in the magnitude 
of tlie cUauges it Indicates, The line of zero differences is used as the 
base line of the diagram. On it are laid off, at equal dist^ncea, sea- 
sonal lines, on which the valnea of W—O for the monthly minima are 
mcasnred off, above the zero line if pins, below if minus. The points 
thus obtained are connected by the dotted line above and this, there- 
foi-e, is the curve representing the reiluction {W—O) of the minima. 
In exactly, the Bame way are constructed the curves for the mean 
monthly values for W~ for maxims, repr&seuted by the broken line, 
■which is, therefore, tJie curve for the rednctiou of the maxima for the 
year. Between these two curves is drawn a curve with unbroken line, 
which represents tlie reduction (ir— 0) for the mean temperatures. 
This figure shows at a glance all the details concerning the influence of 
the forest on its own interior air temperatures. The distance vertically 
between the exterior curves is the reduction of the range. The space 
between the middle cnrve and the zero line represents the change in 
mean temperature due to the influence of woods, cooling if the curve 
lies below, warming if it lies above, the zero line. Where it lies below, 
the apace has been shaded to show plainly the amount of cooling. In 
this diagram, therefore, is shown the progress of all these elements 
during the year. Analyzing the progress for Friedrichsro<le (Fig. 1(») 
we see that the minima in the woods do not (lifter much from those out- 
side between November and April. Then the forest begins to affect 
them and the curve for W— for minima rapidly rises above the zero 
line. It reaches the greatest distance in August, approaching the line 
again from September to November, when the minima are once more 
closely alike in the forest and outside. The forest has the greatest 
efiect on the minima in summer, somewhat less in May and September, 
still less in April and October. For the values of W—O for maxima 
the pn>gres8 is much tlie same, only in the reverse direction and two 
or three times as great in magnitude. The greatest effect here falls in 
July instead of August. It gives form to the W—O values lor mean 
temperature, for which the greatest value falis in July. It appears also 
that tlie temperature in the woods is almost always lower than in the 
open fields.- In March it is about tlie same; in winter it is a little cooler; 
in summer it is decidedly cooler, especialJy in July. 

These figures for IV"— are variously modifled in the vaiious sta- 
tions. Fig. 11 (Ilagenau) shows a case where the reduction of the 
minima, especially in summer, is relatively small, and the mean tem- 
perature of the woods is less for the entire year. Fig. 12 (Sonncuberg) 
represents a ease where the reduction of minima is almost as largo as 
that of the maxima and there is little rcdu<;tion in mean tempera- 
tures. In fact, the woods here are warmer in winter. In Fig. 13 
(Eberswalde) the reduction of mean temperature is small and continues 
during the ye^ir, like the preceding, but for a different reason the 
reduction of maxima and minima here run symmetrically, but shows no 
great difference in quantity. 
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FortH air teiajieralare differencei wood* and open fields ( W—O) 
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Fig. 14 (Sclioo) hLowh ft small reduction of iiii;aa temperature limited 
to late Slimmer mid early autumn. Fig. 15 (Marten thai) sliows a curious 
aberrant case. The woods in March and April are warmer than the 
fields. But Fig. 10 (Iladersleben) is jierliaps tlie most carious of all. 
Here the maxima of temperature are higher in the woods from N^ovem 
ber to April than they are in the flelds, and during the name time the 
iniDima are lower. The temperature range throagli these mouths is, 
tbi'i-efore, greater in woods than outside. lint the increase in range is 
small and the me^in temperatures are about tbe same in woods and 
outside. 

These figures, all of wliich, except tbe first, have been selected be- 
cause they were peculiar, are instractive in showing how extremely 
forest action varies while preserving cou8ist«ntIy its cliaracteristic 
features. The variations are due to the causes mentioned nnder soil 
temperatures, with the addition, in tliis case, of disturbances due to 
prevailing winds. The average eft'ectj* in which these disturbing ac- 
tions are eliminated more or less completely are illustrated in Fig. 
17. As this represents the result from sixteen stations, through about 
two hundred years of observation, it may be considered fairly typical 
for middle latitudes. From this diagram it appears that — 

(1) As to minima, the forest reilaees them with fair uniformity dur- 
ing the entire year. For about half of the year they are reduced about 
a degree Fahrenheit. In April this reduetion begins to increase; it 
grows gradually until it reaidtes a maxiuuim of about 2 degrees in 
August. From tliis it lessens until November, when its average value 
is 1 degi'ee. 

(2) As to the maxima, these are reduced about 1 degree in December. 
This reduction grows slowly until it I'eaches about 3 degrees in April. 
From this it grows very rapidly until it reaches about 5 degrees. It 
remains at about tliis value during the summer and dec^reases rapidly 
duringtlie autumn to its Dw^einber value. 

(.'I) The reduction of range is about two degrees in the winter, six or 
seven degrees in tbe summer, and an iutennediate amount in spring and 
autumn. 

(4) As to mean temperature, it is one or two degrees cooler in the 
woods in aununer, aBout the same in woods and open fields during the 
winter and intermediate in spring and autumn. 

(5) The moderating and cooling effects of woods alrea^ly nientioned as 
a phenomenon of mean annual temperature, extend, it appears, through 
the entire year, but they are especially marked in summer. The cool- 
ing eflfcf^t tends to disappear in winter. The moderating efl'ect is the 
most important one and it is the most characteristic. 

It has often been claimed tbat forests warm the air of their interior 
in winter, but the German observations do not show this. On the other 
hand, there is an occasional warming effect in early spring, while in 
wiuter the woods. are usually slightly cooler than the opeu fields. 
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i'V>retl air ieiajperiiiure di^ereaoe^, wouda aikl open fielda ( If — U). 
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M. Becquerel foiiiirt in liis observations that the woodn were decidedly 
eooler during ]jer9istent cold wentber. For itiRtaiu^e, at LaSalvionniere 
diiriug iinuBually cold wt^ather, fnmi the 24th to the SOtli of December, 
18C7, the teiniieratiire in the woods was 21.4° while that outside was 
22.0°, FroiQ the Iwt to the 12th of January, 1868, the temperature id 
the wo<ida was 34.5° while that outside was 15,8°. For the stations 
near Chatillon-sur-Loing, at whi<;h Beequeiel took hi» observations, the 
forest temperature for the latter dates average 13.3° while the temper- 
ature in open fields was 14,4°. Ife noted this in other eases and thought 
that the lower tlie temperature iu extreme cold weatlier the lower rel- 
atively it was in the woods. This is, however, not always the case. In 
Dr. Ebermayer's published serieaof observations there is only one case 
out of seven where the extreme temperature was lowest in the woods 
and this was only by a little over one degree. On the other hand, at 
Speshaupt, on Jauuary 25, 1868, the temperature in the fields was —20.4° 
while in the woods it was only +2.1°, or a difference of 22.5° in favor 
of the woods. These are extreme and not mean temperatures, but the 
published data do not permit the study of the daily mean temperatures. 
Bivoli made a special Htudy of this subject and came to the conclusion 
that the relative winter cold of forests was quite dependent on the direc- 
tion of the wind. In I'osen, 146 single observations from November to 
March gave a warmer teini>eratnre in the woods except for south and 
southwest winds, when the forest temperature was lower by a fraction 
of a degi-ee. 

The published observations are not complete enough to give a good 
idea of the diurnal progress of temperatures under trees, but several 
students of the subject (Becquerel, Rentzach, Bergen) find that it is of 
the same character as the annual progress. They generally represent 
the daily minimum teiniteratures of woods as being higher tiiau those 
outside. 

DECIDUOUS AND EVERGREEN FORESTS. 

The German observations permit a study of the effects of different 
binds of trees. The stations were classified for deciduous and ever- 
green forests as in tlie section on soil temperatures, and the means of 
the values of W — were calculated separately for each. The results 
are graphically represented in Figs. 18 and 19. The diflference between 
them is much more striking tlian was the case with soil temperatures. 
The evergreen trees show a symmetrical increase in the reductions of 
maxima and minima until late summer, when they rapidly and sym- 
metrically decrease. The greatest reduction of the maxima is 4.21'=' 
(August), the least 1.20° (December). The average redaction of max- 
ima is 2.92°. The greatest redut^tion of minima is 2,20° for September, 
the least 1.29° in November, but it runs capriciously from 1.29° to 1.68^ 
from November to May. 
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Forest air tempaatvre differncfa efwetxie and open fields (H' — O). 
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The mean annual reduction of the minima is 1.66°. The cooling of 
tLe woods takes ]tlace thiougliout the year, greatest (about one degree) 
in euiniiier, least (almost nothing) in December and January. 

On the other hand, under the deciduous trees the time of appearance 
and disappearauee of the foliage is very plainly observable in the tem- 
peratures. The year starts out with tlieni aswith the evergreen trees, 
but ill early 8]>rtnj>: the inlineuce of the forest shrinks and tends to dis 
appear. With the appearance of the leaves, inMayandJnne,itgrow8 
again and very rapidly, so that the greatest effect is brought on 'm two 
months; through June and July it remains constant, but in August it 
begins to shrink rapidly, and by November it has again approached the 
degree of influence exhibited under the evergreen form. The greatest 
effect on the maxima is observed in July, when tlie reduction amounts 
to 6.50=", the least in April, when it is only 0,65°. The average is 2.92°, 
exactly that for evergreens. The reduction of the minima is greatest 
in September (2.03°), least in February (0.50°) and November (0.53°). 
The average is 1,14° — half a degree less than for the evergreens. The 
mean reduction of minima under deciduous trees is 0.89°, under ever- 
greens 0.63°. The ineaii reduction through the year is curiously alike 
for evergreens and deciduous trees. The main difference is found in 
the values of W — in spring and summer. In early spring the de- 
ciduous trees have a scarcely appreciable effect on the temperatures; 
in summer their effe*5t is to lower the temperature two degrees or more, 
about twice tliat of evergreens. 

As to the effect of elevation above the sea, the stations were classitied 
as in the section on soil temperatures and the results are represented 
in Figs. 20 and 21. These figures do not differ essentially. Theeffects 
on the elements are somewhat greater at the higher station and the 
cooling caused by the forest extends through the year more evenly. 
The difference is, however, very slight when expressed in terms of the 
reduction of the mean temperature. For elevated forests the reduction 
is 0.84°, for those near sea level, 0.06°. 

It will be of interest to see what is the effect of a young forest on the 
temperature in it. Fig. 22 gives the results for Lintzel. The series of 
observations wasoidy seven years loug and this is not long enough, it 
appears, to give good even curves. It is <mrious to see that this curve 
hardly suggests those found for mature forests. The minima are always 
reduced, but the maxima are exaggerated in spring. Besides the reduc- 
tion of mean temperatures has almost disappeared and is confined to 
late summer and autumn. As a matter of fact this is hardly a case of 
temperatures under trees. It is rather a case of temperatures in the 
foliage and corresponds to temperatures in tree tops in mature forests. 

In the following table, taken from Mr. Fernow's report for 1889, the 
maximum, minimum, and mean temperatures at various forest stations 
are compared, the plus sign denoting higher the minus sign lower tem- 
peratures than those observed in the field stations, in centigrade read- 
ings: .-^ , 
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TEMPERATURES IN THE TREE CROWN AND ABOVE TREES. 

The observations used in the preceding section were all taken at the 
usual height, that is, about 5 feet (1.5 in). The Swiss forest observa- 
tions are taken at a height of S meters or about 10 feet., I have not 
beeu able to consult these observations except for a single year, that 
of 1876. In Lorey's Handbook of Forestry there are given seasonal 
means for twelve years from three stations, Interlaken, Pruntrut, and 
Berne. These give, in Falireuheit degrees, for winter, W — 00,92 for 
spring, 1°.33; for summer, 2^.72, and for autumn, 1°.57, These are of 
the same general character as those taken at an elevation of 5 feet. 
The large value of W — for spring makes them resemble more the values 
given in the preceding section for stations at high elevations above 
sea level. This is to be expected, as the Swiss stations are at the ele- 
vation of 2,034 (620 m.), 1,476 (460 m.), and 1,046 feet, {593 m.) respec- 
tively. Observations arealso taken by theBavarian and Germanserviccs 
in the tree crown. A place is selected in the top of the tree, but under 
the that«h of foliage. This is as nearly as practicable vertical over the 
Instruments i)l!tced at the surface, and observations on temperature are 
here made at the same time as at the surface. The discussion of these 
observations lies under two serious disadvantages. In the first place, 
there is generally no station at the same elevation outside the woods, 
and, in the second, the tree-top stations are necessarily at different 
heights, thus making impossible a direct comparison between stations. 
The first difficulty may be overcome by making a fictitious outside 
station and giving the ground station temperatures a correction for 
known mean variations of temperature with altitude. Unfortunately 
this reduction of the surface observations to a given altitude can not be 
made without considerable uncertainty. The change of temperature 
with altitude alters with almost every source of meteorological change, 
with season and time of day, with the topography, the character of the 
soil and its covering, and with the weather, and the amount of change 
is especially variable within the first 50 teet from the surfiice, within 
which range must be made the correction we propose to apply. How- 
ever, the correction is a small one, and over the territory occupied by 
tlie tierman stations it is known with more accuracy than elsewhere 
generally. lalr 
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The correction whicli is used is that given by Mr. Ferrel in Lis 
"Recent Advances in Meteorology," and is taken from the column 
for "the Alps and Germany" in the t^ble on page 180. In no place 
does this correction, as applied to the German tree-top observations, 
surpass 0°.ll F., (0.06Oc) and it is always negative. After making 
this correction the observations will be treated as if the fictitious ele- 
vated stations were real and the values of W — 0' (here primed to dis- 
tinguish from those at the level of 5 feet) will be discussed as were 
those of W — in the preceding section. 

Fig. 23 represents tbe mean annual values of H" — O' for maxima and 
for minima; the maxima always negative and below the zero line, the 
minima always positive and above. The names of stations are placed 
opposite the lines which belong to them, and for each station is given 
the elevation in toet above the surface of the ground. As in the pre- 
ceding section, the length of the line indicates the reduction of range 
of temperature in the tree top, as copipared with that outside at the 
same height, and the point in the middle of the line (marked by a short 
cross bar) indicates the reduction of mean temperatures. 

This diagram presents the same features as the corresponding one 
for lower levels, but thefe is, if anything, more variation for the indi- 
vidual stations. Also, the mean temperature is here sometimes higher 
in the tree tops than over open fields. This is the case in five out of 
sixteen stations. 

It is noteworthy that the reduction of the annual temperature in 
tree tops does not appreciably depend on the height of the station 
above the ground. The lowest (Scboo) shows the smallest reduction of 
temperatures. It should have the largest because nearest the ground. 
On the other hand, the highest station (Hageuan) stands about mid- 
way. The next highest (Kurwien) stands somewhat lower in the 
series, while one of the two next highest (St. Johaiin) leads the series. 
Nor does any feature (reduction of maxima, mini[iia, or mean tempera- 
ture) show any distinct distribution with reference to the height of the 
station. 

Taking up the individual tree-top temperature diagrams we find 
them strongly resembling those for the observations at the 5-foot 
level, but with greater variation between the individual diagrams. 
That for Friedrichsrode (Fig. 24), is a fairly smooth and representative 
one, and it greatiy resembles those of the preceding section. The 
minima are raised, the maxima lowered, the action is a cooling one, 
and it is most marked in summer. These features are all visible in the 
temperature diagrams at the 5-foot level. The cooling effect is, how- 
ever, sometimes distributed through the year with some approach to 
evenness. 

The reduction of the minima is often relatively great (Fig, 36, 8t. 
Johann). It is not rare that this is greater than the reduction of the 
maxima, leaving not a cooling, but a warming action ou the part of the 
woods. ,-, , 
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Tree-top temperature difference! aoodt and opetijieldt ( H' — O). 
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Tree-top diffcreicta { Jl'—O). 
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Fig. 30 is that for the Ktaticm with tbe great^'St elevation above 
the Hurface (Hagenau), and Fig. 31 that for tbe least (Schoo). They 
show great differences, but there is no connection between the dia- 
grams through those for the iutenoe^liate stittions. They are alike, 
and of especial interest, in that in both tbe rednction of the minima is 
only a small fraction of a degree. Fig, 3^ (Neumath) gives the only 
case where the maxima were warmed deuidedly more than the miuiraa. 
This increases tbe range and makes the temperature more excessive in 
the late winter and early spring months. 
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Fia. 33.— Avenge differeucea of tree-top teniperatiire, Biiteen German Stationa (IT— O). 

The average differences of tree- top temperatures ( W'-O') are graphic- 
ally given in Fig. 33. It is at once seen to be very similar to the corre- 
sponding Figure {17) for the elevation of 5 feet. There is the same 
elevation of minima, the name lowering of maxima, the same cooling 
eQect, and the same exaggeration of all features in summer. The re- 
duction of minima is, however, morenearlyequal to that of the maxima. 
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Fia. 34.— Tree-top temperatnre differencefi far fonr stotioaB with average height of 24 feet. 

and there is, consequently, less cooling. It seems, therefore, that the 
tree-top station is intermediate in temperatures between the base 
station and that in open fields. 

It will be interesting to see if there is any difference through the 
year on account of elevation of the tree tops above the ground. To 
ascertain this the four lowest stations were talcen (two in evergreens 
and two in deciduous trees) and their values of W-0' were combined. 
The result is Fig. 31. The average height was 24 feet. The four 
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highest {also equally divided betwetm deciduous trees and evergreens) 
were similarly treiited, with tbe result shown in Fig. 35. There ap- 
pears no unmistakable dift'eronct! between them due to anything but 
individual irregulaiities. 
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e stations for deciduous trees and for evergreens were tlien aver- 



Fio. 36.— Tree-tnp I* 

aged separately, as for the preceding stations. Fig. 3li is tbe diagram 
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AvRTOgB of all. 
Ol-Bvergreen treea. 

The reductions for 



for deciduous trees; Fig. 37 for the evergreens. 

evergreen trees are less in <piantity than for the deciduous, and are 

distributed more evenly through the year. ,-. , 
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TEMPEBATITBE GRADIENTS. 



So for the disciissioD has been as to chaiige of temperature horizon- 
tally, or the horizoDtal temperature gradient. The tree-top observa- 
tions permit also tbe study of the vertical distribution of temperatures, 
and this is a matter of considerable interest, because from it can be 
drawn some conclusiotis as to the stability of forewt air; that is, as to 
its tendency to originate meteorological disturbances or to take part 
in those which approach it. This can be studied within the forest, 
because there are two stations — one above the other; but it can not, 
unfortunately, be studied outside the forest, aa the station there, in the 
usual meteorological services, is single. In order to get around the 
difUculty that the stations are not at the same height, the gradients 
are expanded to the uniform height of 100 feet; that is, the vertical 
temperature gradients in the figure are those which would occur in for- 
ests if the temperature continued to change at the same rate through 
100 feet (30.48 m.). The height of this assumed station is its height 
above the ground, decreased by 5 feet (1.5 m.) (the height of the lower 
station). As the irregularities in the vertical differences are exagger- 
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FiQ. 38.— Vertical temperalmre, gradient in woods, degrd 

ated in increasing them for 100 feet, only the data from the eight high- 
est stations were used. These give a distance between lower and upper 
instrument of from 31 to 48 feet, averaging 38 feet (11.6 m.). Three of 
these stations were for evergreen trees (average distance 43 feet) (13 m.) 
and. five deciduous (averaging 35.5 feet) (10.8 m.). These were arranged 



The results appear in Fig. 38. The unbroken line represents the gra- 
dients for the average of all eight stations, the broken line for the ever- 
greens, and the dotted line for the deciduons trees.* The vertical gra- 
dients are surprisingly large, when compared with the average. In no 
case would the latter be more than 0°.a5, and it would always be nega- 
tive. Here the gradients vary from 0o61 F. per 100 feet in April (for 
deciduous trees Oo,77, for evergreens 0<^,35) to -f 2o..50 in July (decidu- 
ous + 2°.62, evergreens + 2o.31). In summer the average gradient 
under trees is about + 2°; thatis, it grows warmer as we ascend at the 
rate of two degrees per 100 feet (31 m.). Outside in the general aver- 
age it grows colder by abont a quarter of a degree. In earl^ spring the 
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gradients are somewhat alike ia and out of woods. In other parts of 
the year it generally grows warmer as one asceuds. 

A higher temperature of the air alwve than 1)eIow is called a rever 
sal of the vertical gradient, and it appears that in the woods this re- 
versal occurs especially iu summer. It also occurs in tlie open air 
rognlarly at night and ofteu becoraeB very marked on a clear summer 
night, especially toward morning. The gradient is at Kuch times gen- 
erally threeor four degrees and may, under exceptionally favorable cir- 
cnmstauce.'*, be several degrees more. The same thing is true through- 
out the day in the winter months, but the gradient is then not gener- 
ally large. The action of tlie forest, therefore, tends to produce a ver- 
tical distribution of temperature like that over snow, or over level 
fields on clear snmmer nights. It should be noted that this arrange-' 
ment is in favor of stability of the air. Tlie warmer air is the lighter 
aud is on top. Still this tree-top air is, in the warm season, usually 
cooler, and consequently heavier than the air at the same level out- 
side, as is shown by Fig. 38. This is true of the entire column of for- 
est air — that is, air in the forest — and this heavier air will tend to flow 
out. 
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TEMPERATURE ABOVE FORESTS. 



Systematic observations above forests have been seldom taken. 
Among them are those taken by M. Fautrat a few miles north of Paris, 
in the forests of Halatte and Ermeuonville. In the first the observa- 
tions were under aud over deciduous trees, oaks, and hornbeams, in 
the second over pines. The soil at the latter place was a coarse quartz 
sand, and the open field station was over a sandy plain. The surface 
observations were taken at a height of 1.4 meters {4 feet 7 inches), 
while those above trees were 14 meters (4C feet). The instruments 
appear to have been close to the top of the pines, but many feet above 
the deciduous trees. The published observations are somewhat frag- 
mentary, from two to four years being available. The temi>erature dia- 
grams near the ground are given in Figs. 39 aud 40. The first is for 
the deciduous forest and is of the familiar type. Fig, 40 exhibits some 
striking peculiarities, chiefly iu the exaggeration of the minima and 
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the constautly cooling mean teIIllM^^atlI^(;. T)ie»e features may be in 
pai-t due to the soil. Otherwise tlie diagram reaerabk-s the correspond- 
ing one of the preeediiiy section. Fig. 41 gives the two forest tem- 
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peratare diagrams above trees IVotq M. Fautrat's observations. TUe 
line for mean temperature is omitted because of the narrowness of tlie 
space. It would, in each ca.se, bug the zero line. It is interesting tfl 
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Fin. 11.— Forest temperature, difterences above I 



note bow the temperature diagram, iu Fig, 41, has here contracted. 
That for everg,eiiii trees, with the instruments close to the tops, is very 
narrow, while that fu.' deiiiduous trees, instrument about 20 feet above 
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■ EVERGREEN TREES AVERAGE Of BOTH.- DECIDUOUS TREES, 

fio. 4'J — Vertical temperature grmtients from obwrviitinns above trees. 

the tops, ba.s contracted so as to vanish at times. It is evident that if 
the instruments bad been put a few feet higher up it would have en- 
tirely disappeai-ed. Fig. 4;i represents the vertical gradients from M. 
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Fautrat'8 observatious. They are ail reversed throngliout the season, 
and tiie summer gradients are about +4°. Those over evergreens are 
greater than those above the deciduous trees, or, perhaps more prop- 
erly, the gradients decrease as we ascend above the top of the decidu- 



The observations ander the direction of Dr. Lorenz-Libumau at Eied 
were taken in the wanner months of 1888. Tliey have been pnb- 
lisbed quite recently (1890), and came under the eye of the writer only 
after the preceding part had been finished. They wore not eystemati- 
eally taken, bnt only at such times as seemed especially suited for the 
study of especial features, and hence they throw light on some points 
which the Hystematic observations do not sufficiently care for. One of 
these is the change in temperature above and below the crown of foli- 
age for the same station and time. Dr. Liburnau gives the following 
mean results from many individual observations. The plus sign indi- 
cates an increase of temperature upward, the minus a decrease. 
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The station at 3C.1 feet was in the crown, that at 50.8 feet above it. 
The distances are not great enough to get good values for the vertical 
gradients, but it is evident that these are very large, and greater 
above the crown than below. 

These observations were alt taken with a clear sky and calm air. 
Some interesting figures are also given for the differences betweeu 
field and forest temperatures when the air is still and when it is in mo- 
tion. 

The following table gives the values of TT—O under these circuni- 
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Under tbe crowns the temperature is lower in the forest, but above 
the crowns it is usually Iiiglier, The wind reduces the difference under 
and in the crowns, but makes little difference above them. 

Putting, the preceding results together, it appears that the forests 
reverse the vertical gra^lient, and that the gradient grows larger as the 
surface of the forest is approached. Toward the ground the change in 
slow; upward it is very rapid, so rapid that the special cooling effect 
of the forest must disappear at mo great height. The surface of the 
surface of the forest is, meteorologically, much like the surface of the 
meadow or coruSeld. The isothermal surface above it in sunshine is a 
surface of maximum temperature, as is the surface of the meadow or 
cornfield. From this surface the temperature decreases in both direc- 
tions. 

TREE TEMPERATURES. 

The disturbances of temperature under trees, so far discussed, would 
be the same in kind if the surface covering called a forest were inor- 
ganic. They are due to the screen formed by the forest against the 
sun's rays and against the radiation from the soil to tbe sky. The 
kind of effect would be the same if the forest were dead, but the quantity 
might be quite different. The shade uuder a dead ti'ee is much less 
than under a live one. This is due to a considerable extent to the fact 
that its leaves are no longer spread across the path of the sun's rays, 
and the heat of the latter is not so much absorbed by the evaporation 
of water. These, again, may be purely mechanical effects, and it is still 
left uncertain whether the living tree affects the temperature through 
its vital action ; whether in the processes of life the tree does not abstract 
enough heat from the air, or add enough heat to the air, to be meteor- 
ologically sensible. There is abundant reason to think that it may exert 
such action, because all vital processes result in the absorption or radia- 
tion of heat — and so do purely inorganic chemical processes. The tiee, 
as an organic being, is a source as well as an absorbent of heat; the 
only question is whether the heat it absorbs or emits is enough in 
quantity to make a sensible difference in the temperature of the air. 
The analogy of the hot-blooded animal leads one to look first to the 
tree itself for a solution of this question. Even the cold-blooded ani- 
mal, when of a large size, has its own temperature slightly higher than 
the mean temperature of the medium in which it lives. The tree is a 
living body. Is the same true of it* 

The most elaborate series of observations of tree temperatures are 
those taken at Geneva for the five years, 1796 to 1800. The thermom- 
eter was introduced into tbe trunk ot a horse-chestnut tree to the depth 
of C inches, or about half of the way to the heart. The temperatures 
were read three tiuies daily (sunrise, 2 p. m., and sunset), and observa- 
tions weie also taken at the same hours in the air and at several depths 



n,g:,.-ndtyG00glc 



TREE TEMPERATURES. 73 

in the soil. la Fig. 43 is given a grapbical repre»eutatiou of the mean 
monthly temperature, for the treo (unbroken line), for tlie air (broken 
line), and for the soil at the depth of 4^ feet (dotted line) The straiglit 
lines across the diagram horizontally represent the mean annual tem- 
peratures for these three positions respectively. It apjiears that the 
mean temperature of the tree is lower than that of the air (by 0°.3), 
and still more so than that of the soil at the depth of 4 feet (by — l°.'i). 
The results are not easy to interpret. A part of tbe difference is 
probably due to a retardation of diurnal maxima and minima in the 
tree. M. Becquerel found this retardation very marked, but his obser- 
vations were of such a kind that they can not be satisfactorily tabu- 
lated. He found that in small branches the summer diurnal maximum 
was retarded by two or three hours, while for larger oues it might be 



Inaliorse-eliestnut. Intkeair. In soil four and oqMrler feel below surface. 

Fib. 13.— Tree Wmperature— Genevu obaprvaltoua. 

twice this. This being the case, the daily observations would not fall 
at the same parts of the daily curve of temperature, and whether the 
correction to be applied to bring them to a comparative condition 
should be positive, negative, or zero would depend on the hours used 
and ou the retardation in the tree. The differences shown in Fig. 43 
are, therefore, not necessarily tlie true differeuoes, and with the proper 
corrections many of the irregularities of the curve wonld probably dis- 
appear. The curve, however, indicates tliat tbe tree is relatively 
warmer in early spring and late summer and the opi>osite between 
these dates, and also that the summer maximum is retarded as com- 
pared with that of the air. 
The trunk of the tree is so constructed as to be a very poor conduc- 
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tor of lieat. The wood itsoU' is a biul conductor; tbc tii^sue i» filled 
with air or «ap, both bfid coudactors; and it is protected by a layer of 
bark which is an eapecially poor cooductor. All these would tend to 
prevent the access of heat to the interior of the tree and to prevent its 
exit when there. 

These conditions would explain the retardation of the maximum in 
trees but would not explain the lower mean temperature nor relatively 
low temperature of winter. Some light may be thrown on their con- 
dition by the values of the diflerences of temperature between tree 
and air surrounding it (T — W), These observations were not made in 
the German service but were in the Bavarian. It is necessary, there- 
fore, to depend here on the niucli shorter series of published observa- 
tions of the latter service. Observations of the temperature of the tree 
were taken at the base and in the crown. The thermometer was al- 
ways introduced to the heart. For the stations at the base this dis- 
tance varied from 4 inches to 11.^ inches averaging 6.3 Paris inches 
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(170 mm.). The observations in the crown were made at an average 
height of 31.4 feet (varying from 20 to 46). The depth of the ther- 
mometers varied from 2.7 inches (73 mm.), to 8.5 inches (230 mm.), aver- 
aging 4.3 Paris inches (IIC mm.). The number of trees on which ob- 
servations were made through the year was eight — five evergreen, and 
three deciduous. The results are represented in Fig. 44, the broken 
line showing the tree-crown observations, and the dotted line those 
near the base. The straight lines, parallel to the zero line, represent 
the corresponding mean values. While in Fig. 43 the mean tempera- 
tures are used, in Fig. 44 the monthly values of T — TF are shown. 

In the arrangement of each one of the curved lines in Fig. 44 about 
its mean value, the corresponding straight line, there is nothing but 
what might be expect«tl in observations in the interior of any inorganic 
mass, such as a rock, a mass of masonry, or a dead tree. In fact, 
except for certain irregularities which are probably due to the shortness 
of the series of observations, the curves are much like the value of 
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W—O for snil temperatures. The tree, like tlie soil, is wanner in 
winter and cooler in summer than the mean value for W~0. It is 
also noteworthy that for the smaller trunks and brauches the varia- 
tions from air temperature, and the variations from its own mean, are 
smaller, exactly as would be the ease with any inorganic body. 

In short, the variations of tvuiperatures correspond to the varia- 
tions of temjieratiire in inorganic bodies of similar character and 
similarly placed. In fact, Bravaia, in winter iibservatious at Bossekop, 
Lapland, found the temperatures in a live and dead tree to be practi- 
cally the same. 

It only remains to discuss the average lower temperature in trees. 
In Dr. Ebermayer's tables, this redaction of temperature at the base 
of trees as compared with air is 2o.2, while at the crown, with an aver- 
age diameter of limb two-thirds as great, it was 1°.2. This reduction 
may be due to the temperatures of the water taken from the ground. 

When the sap flows most freely — in spriugand early summer — the soil 
is cooler than the air and the water drawn from the soil must have its 
temperature. The tree is so thoroughly protected from the conduction 
of heat that this temperature must change bat slowly as the sap rises. 
It most give a lower temperature to the interior of the tree and this 
lowers the annual mean. At the same time, for reasons to be given in 
the next section, the return sap is probably also cooled to some degree, 
so that all the water circulating in the tree is, in the warm season at 
least, cooler than the air. 

The foliage seems especially arranged for the exchange of heat. It« 
aurface is very large for its mass, and it is so exposed to the open air, 
to the sky, and to the sun's rays that it is adajited to receive and part 
with heat easily and quickly. The temperature of leaves considered 
as purely inorganic bodies shouhl, therefore, be lower than that of 
the air at minimum, and higher at maximum. There seem to be no 
systematic observations on the temperatures of foliage, but botanists 
have taken a good many occaRinual observations which confirm tbc 
statement just made. The temperature of the leaves fells decidedly 
lower than that of the air on clear summer nights, the difference l)eing 
generally several degrees and sometimes reaching eight or ten. On 
the other haud this temperature rises in the sunshine to several, and 
occasionally to many degrees of temperature higher than the air 
around; in other words the maximum temperature of leaves in sun- 
shine is higher than that of the air, while the minimum temperature in 
clear nights is lower than that of the air. A leafy branch with the cut 
end in watev and exposed to the sunshine has been tbund to be cooler 
thau one not in water, suggesting that the average temperature of 
foliage is on the whole lower than that of the air about it. 
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VEGETATJON AND AIR TEMPERATURES. 

It appeara from the precediog section that the tre« shows, of itself 
by its own action, no sign of wai-mingtheajr and but little sign of cool- 
ing it. Systematic observations show this to be true of the framework 
of the tree, but no observations have been taken for the foliage and 
other exterior parts — the parts where most of the vital activity of the 
tree takes place. The great volume of chemical and physical changes 
which are produced here and which result in the growth of the tree and 
the formation of its fruits make it an open question (not yet decided by 
direct observations, which are not easily instituted) whether the tree 
does not affect temperatures sensibly. So far as any observations go — 
those in the tree- crown for Instance — they show little clear evidence 
of such a meteorological effect, but it will be of interest to see what can 
be concluded theoretically. The changes which take place at the leaf- 
surface, dne to vital activity, are produced by the trees in common with 
the other and lower forms of vegetation and consequently the problem 
to be solved is double, namely: Do the vital processes of vegetation, 
in which heat is utilized or given off, produce a sensible effect on air 
temperatures, and is the effect, if any, different for trees and for mead- 
ows, mixed growths, or crops t 

Vegetation has a complicated relation to heat in the various organic 
processes. In the transpiration of water it utilizes large quantities of 
heat, changing it from that sensible in temperature to the work of sus- 
taining the water in a condition of vapor. This latent heat becomes 
again sensible when the water is condensed, hut this may occur at a 
distance from the place where the water is taken up. By unlocking 
the combination of carbon and oxygen in carbonic acid, using the car- 
bon and rejecting the oxygen, it reverses the action of combustion and 
so takes up heat. On the other hand, in the various processes in which 
oxygen is combined, it performs a process analogous to combustion and 
gives out heat. This process is sometimes so active (as in the germina- 
tion of some seeds and the flowering of some plants) that the tempera- 
ture of the parts is raisetl several degrees above that of the outside air, 
and it is sensibly warm to the hand. There are other more complicated 
processes going on in the plant, the relations of which to heat can not 
be foretold. 

The quantity of heat used in these processes varies greatly with the 
season, the temperature, the condition of the plant, and so on. Itcan 
be ascertained only approximately even in the processes best under- 
stood. Yet the problem has so many features of interest that even 
such an approximate solution is desirable. For instance, the German ' 
forester Key has attempted to show that the unseasonable frosts of 
mid-May in central Europe are due to the amounts of heat absorbed 1 
by plants at that season. | 

The transpiration of water by the plant is a vital process which ! 
needs the stimulus of the sun's rays; it takes place in the £reeii parts 
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only, and is espeuially active when these parts ai'e young. It is the 
process by which the plant gets rtd of the surplus lyater after having 
drawn it ihim the soil in order to extract from it the nutriment which 
is present in only a very highly attenuated solution. Botanists have 
made many measurements of its amount and their results are ex- 
tremely varied, due partly to the fact that this function varies much 
naturally, and still more perhaps to the fact that the experiments are 
generally made under conditions which are not natural to the plant. 
Sachs says that it is no rarity for a tolerably yigorous tobacco plant 
at the time of flowering, or a sun flower of the height of a man, or a 
gourd plant with from fifteen to twenty large leaves, to trauspire from 
one to two pints of water on a warm July day; and, so far as may be 
judged by the nse of branches with the cut end in water, it may be 
believed that large frait trees, oaks or poplars absorb, transport 
through their stems, and transpire from the leaves, ten to twenty or 
more gallons of water daily. He also quotes Haberlandt to show that 
the amount transpired by a stalk of Indian corn, in its season of 173 
days, is 3 gallons; hy a stalk of hemp, in 140 days, is 6 gallons; by a 
sun flower plant, in 140 days, is 14J gallons. 

It is not generally practicable to compare the transpiration with 
known meteorological phenomena, such as evaporation ftom a water 
surface, or from the soil, or the precipitation, but some such compari- 
sons have been made. For instance, comparing the leaf surface to an 
equivalent water surface, Unger makes transportation from the former 
0.33 of the evaporation from the latter; Sachs for white poplar 0.36, for 
the sun flower 0.42, Comparisons have also been made between the 
transpiration from plants and the evaporation from the sarface over 
which the plants stand. Schleiden thought that the transpiration 
from the forest was three times that of a water surface equal to the 
territory covered by the forest. Schiibler thought it only a quarter; 
and Ffaff, who studied a sohtary oak in a garden, found that it varied 
from 0.87 to 1.B8. Comparing the transpiration of plants with the 
evaporation from the bare soil which wonld be covered by them, Hartig 
thought the transpiration of a forest less, Schiibler found it 0.6 for the 
forest and 3,0 to 5.0 for sod. Mari^-Davy found it, for firs 1.18, for 
beeches 1,32, for sod 1.8fi. As to the influence of sunlight, Vines 
quotes from Wiesuer, who carried on his observations with special 
precautions to prevent influence from other stimuli of the transpira- 
tion. The results are given in the following small table, in which the 
evaporation in full sunlight is taken as unity. 
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From this it appears that it is tlie direct siiii'a raya that most pro- 
mot* transpiratiou. Wlieii in diShsed light the plant transpires onl> 
a third aa much, and ill darkness only a quarter. The npplication ol 
this to forests is evident, because tliere at any time of day a considera- 
ble part of the foliage is in shade. 

The estimates of transpiration are very numerous and it is not easy 
to get from them an estimate of the amount for plants in terms ol 
evaporation or jtrecipitation. In the following table those have been 
selected which were most easily expressed in terms of (iiiantities ob- 
served meteorologically. Tlie duration of the active season was taken 
iuto accoimt in each case. 
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The heat that can be done with these very variable measures is pro 
bably to take a mean of the values of Ilartig and Hiihnel. This give* 
the transpiration of the forest as 6. 5 inches (165 in.) for central Europe 
or about one quarter of the precipitation. That this is not much to< 
large is indicated by Pfaft's results, which appear to be excessive 
and that it is not much too small is indicated by those of Vogel. 

The most elaborate investigations on transpiration of forest trees wer« 
made by F. B. Hohnel, and since a discussion of these appears in th( 
report of the chief of the forestry division {Mr. B. E. Fernow) for 1889 
I qnote his language on this subject: 

Tbe quantity of water so uhimI is as variable as the aniouut of precipitation and ii 
tact nitliia certain limits dojieiids largely apon it. That ix to say, iv plant will trau 
spire in proportion to the auionut of water which is at its dispoaal. Trau spi ration ii 
also dependent on the stage of devet 0211a en t of tlie plant, on the nature of its leave. 
and amount of its foliage, on temperature, humidity, aud circulation of the air, oi 
intensity of the sunlight, and on temperature and structure of the soil and on othc 
meteorological conditione. Rain and dew reduce transpiration, wind increases it 
The amount of transpiration depende considerably upon the thickness of the leaves 
therefoie the surface of the foliage is not a reliable measure, but it should be com 
pared with the weight. 

With 90 many factors to vary them the values which may be given for (he amoun 
of transpirution of various kinds of trees can only be approximations of its raugi 
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irithin wide limits. AJl the flgiirea which have been pablished, biMed upon calou- 
Iiitioiie or experiments in thii Inlioratory, are useless fur practical parpoBea. Espe- 
ciall; do tboae flgiircH which rop repeat the roqnirementof the plant as eiceeding the 
amount of precipitations, exhibit on simple reliection, their absnrdity. 

If the requirement per acre is considered, the density oTthe growth of plants unst 
also be laken into account. 

The flret careful aud comprehensive investigations into the water requirements ol 
forest trees were made by the Austrian forebt experiment stations in 1878 (F. B. 
HShnel), and foil tables of the results obtained can be found iu the records of those 
statin us. 

An average of the many figares there presunteil would make the amount of tran- 
spiration per 100 grams of dry weight of leaves ill conifers 4,TT8to4,990 grnras of 
water, in deciduous-leaved trees 44,472 to 49,553 grams of water. That is to say, 
thedeciduoas trees transpired about tan times as much as the conifers, and compar- 
ing the two extremes of transpiration, the deciduous tree with the highest rate of 
transpiration atilized twenty three times mare water thau the coniferous tree with 
the lowest rate. Ash, birch, and linden were found to be the most vigorous trau- 
apireis, oalis and maples transpiring mnch less. Curiously enough, while iu the 
conifers shade reduced the transpiration cousiderably, in the deciduous trees it bad 
tJie opposite effect. 

During tlie period of vegetation the following varieties transpired per ponnd dry 
weight of leaves: 

Pounds 
of waHr. 

Birch and Linden 600-700 

Ash 500-600 

Beerh 450-500 

Maple 400-450 

Oaks 200-300 

Spruce and Scotcli Piue 50-70 

Fir 30-40 

Black Pine 30-40 



a favorable to transpiratioi 
a transpiring from 500 to 1,000, the ci 



The next season, which n 
larger; the decidu< 
200 pounds, or in the proper 

The following actual amounts transpired per 100 grams of dry leaves duriug the 
third season (1880), wiU show tlie relative position of the various species (European): 



mios 



Birch, - 



Hornbeam 87, 

Elm 82, 

Mople (A. campeglrt) 70, 

Norway Maple {A. plala~ 

noides) 61, 

Oak (Q. robitr) 69. 

Oak (Q. Cerrit) , 

Norway Spruce , 



020 



Eilo^aniB. 
SootchPine 12,105 



of wide range; a birch stand- 
calculated to have transpired 
[lor days its exhalations were 



The variability of transpiration from day to da 
ing in the open and found to have^OO,000 leaves 
on hot summer days 700 to 900 pounds, while oi 
probably not more thau 18 to 20 pounds, 

A fifty to sixty year old beech was found to have 35,000 leaves, with a dry weight 
of 9.86 pounds; a transpiration at therateof 400 pounds per pound during the period 
of vegetation would Jnake the total transpiration 3,944 pounds per tree (about 22 
ponnds daily) ; andsirice 500 sach trees may stand on 1 acre, the traiispiration per 
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acre would amount to 1,972,000 ponnds, while the preoipitation during the eamt 
period would be 2,700,000 pounds. 

The traDxpiratioQ of a thirty- five-year-old beech with thinner leaves, of which 
there were :j, 000, with a dry weight of 0.79 poimds, would under the same conditions 
trun spire 470 pounds per 1 pound of foliaf;e, or 373 pounda per tree (about 2^ pounds 
per dny from June to November) ; and since about 1,600 such might be found on au 
acre, the total transpiration might amount to 5iH>,800 pounds per acre, or consider' 
ably less than the amount of rnin-fall. 

Calcniated for Bummer months during June, July, and Augnat alone, the require- 
ment of the two beech growths was 20,000 and 5,000 pounds per day an acre respeo- 
tively. Couifera, as was stated, transpire oue-sirtb to one-tenth of the amount 
which is needed by deciduoos trees. 

The amounts transpired by ngrioultural crops and other low vegetation, weeds, 
etc., have been found to bo coivsiderably larger, as will be seen from the results of 
the latest investigations by Wollny, which I have calculated per acre to mahe them 
comparable with the foregoing results : 
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I repeat again that these figures can only be very rough approximations denoting 
maxima of tTanspiTation, and that the amounts transpired per acre depend largely 
oil the amounts furnished by precipitation. Therefore our forest areas within the 
arid region of the country probably transpire a minimum of water, their scattered 
growth and their coniferous composition, with the scanty rain-fall, reducing the 
amounts to lowest limit. 

Taking a lain-fall of 20 inches, which represents say 4,500,000 pounds of water per 
acre, a coniferous forest, assumed to transpire one-sixth of the amount found for th« 
older beech-forest under most favorable conditions of prectpitatiou, would require 
hardly more thau 330,000 pounds (presuming the same weight of foliage), or not 8 
per cent of the total precipitation. To bo sure, this amount must be available dnr- 
ing the peHod of vegetation. 

THEORETICAL CALCULATION OF HEAT ABSOEPTION." 

There is another way ia which the average amount of transpiration 
can be approximated, perhaps more closely than by the method of direct 
measurement. The water transpired comes mostly, if not entirely, from 
the soil. On evaporating it leaves behind it the matters held in solul ion, 
a portion of which is inorganic and ia that which constitutes the ash of 
the plant. Assuming that the absorption by the plant is not sensibly 
selective in the average from a large number of individuals, then a 
knowledge of the annual ad<lition of inorganic material, i. e., ash, to the 
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1 this section are made on the decimal system heoause of its 
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forest, and the arnoiiut of mineral matter held in solution by the ground- 
water will enable us to compute the amount of water which has beeu 
evaporated. The required data, particularly the latter, are olteu knowu 
with some exactness. Taking, with Grandeau, the average amount of 
of ash in the plant at 5 per cent and the quantity of mineral matter in 
solution as two parts in ten tliousand, the plant must transpire five 
thousand times the weight of its ash or two liuudred and fifty times its 
own direct weight. Grandeau gives 6,497 kilograms as the annual pro- 
duction of a beech forest (wood and foliage), 6,442 as that of Korway 
spruce, and 6,420 as that of pines, for every hectare covered. These 
numbers multiplied by 250 would give the quantity of water transpired, 
which, reduced to thickness of the sheet of water over a hectare, gives 
the depth or rainfall equivalent. In these eases it gives 6.4, fi.3, and 
C.3 inches, respectively. The numbers given by Grandeau are for cen- 
tral Europe, as were the preceding. The results by the two methods 
are 6.5 and 6.3 inches, which, by chance, are remarkably close to each 
other. Knowing the amount of water transpired, and the temperature 
at which transpiration takes jilace. It is easy to get the amount of heat 
used up in the process. The evaporation of any given weight of water 

would heat by 1° 0. a weight of air which is — ' ' times as 

great, where ( is the centigrade temperature of the water evaporated. 
As water is 773 times as dense as air at the standard temperature (32° 
F.) and standard pressure (30inehes), the evaporation of a layer of water 
an inch thick takes up as much heat as would warm by 1° C, a layer of 
, 600.5 



air of standard density and of a thickness of ■ 



0.2375 



- X 773= 



(606.5— 0.695() 3255 inches. For dififerent temperatures the thickness of 
the layer of a homogeneous atmosphere which might be cooled I degree 
for each inch of the layer of water evaporated is as follows ; 
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The cooling equivalent to the annual forest growth, is therefore 
about 6.4 times that expressed in this table and takes place through the 
entire season, but is greatest in late spring in sunshine, least in dark- 
ness in late summer. It acts, however, continually, and when the 
enormous thickness of the air layer is divided by 150 days (about the 
length of the active season) and this by the number of seconds in a day, 
the result per second does not appear so very large. As a convenient 
general expression it may be said that the evaporation of any depth of 
water would take up enough heat to cool by one degree (Fahrenheit in 
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tliis case) one milliou times tliat ileptli or volume of air, tbe latter being 
of average teiniifenitaie aud deusity. 

Ib calculating tlie effect of tlie bieakiug up of the caibouic acid, we 
mayasauiue tbat as muck Iieat i» u»od as would be given out by buru- 
iDg tiie same quantity of carbou in oxygen — tbat is, by remaking tlie 
compound. Graudeau gives as tlie annual product of earbou by 
plants, per lieu( are, 3,000 kilograms for forests, 1 ,500 to 4,500 kilograms 
for open fields, and, exceptionally, 15,000 kilograms for a field of giant 
maize. This is probably all derived from the carbon dioxide of the air. 
The burning of a kilogrum of carbon produces 1,000 large calories of 
heat according to Andrews, or 8,080 accordiag to Favre and Silber- 
manu. 

The large calorie is tbe amount of heat necessary to raise one kilo- 
gram of water 1<^(J. in temperature; it would warm to the same amount 
1 -T- 0.237 = 4.22 kilograms, or 4.22 x 773.3 =3203.3 liters of standard 
air. Tbe buruing of the annual carbon productions above given would 
warm by 1° C. tbe thickness of air meutioned in the following table, in 
■which 7,900 is used as the number of calories produced by the combus- 
tion of 1 kilogram of carbon : 





mini per 


Lit™ of sir 
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S m:* X 10« 
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It appears that the heat absorbed by the entire carbon assimilatiou 
for a forest is only from one-fifth to one-sixth of tbat used in evaporat- 
ing a layer of water an inch deep. As the latter is only a sixth or a 
seventh of the transpiration, it appears that the cooling which would 
be caused by the breaking up of carbonic acid, in order to form forest 
growth, is only from one-thirtieth to one-fortieth of that caused by the 
transpiration. 

It is highly probable that tbe heat used in the tbrmer process is more 
or less closely made up by the heat produced in the oxidations that go 
on in the plant. In any case tbe cooling due to this source may be 
disregarded and only that of the transpiration be considered. It is es- 
timated that the sun's rays, when the sun is vertical, pour out twenty- 
live calories per minute over each square meter of surface exposed ver- 
tically to it. Of this about 30 per cent is absorbed in parsing through 
the atmosphere, when the sun is vertical and the sky clear, and very 
much more under other circumstances. The 17.5 calories, for a clear 
day and vertical sun, would in a single minute evaporate a layer of 
water 0.0011 inch thick. But the transpiration is about 6.5 inches 
for the season of about 150 days, or 0.00003 per minute. Thus the 
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son's rays under these favorable eircmustancea pour on the Burlace ^^ 
times as much heat as is required for evaporation. If the m<ixi- 
muiQ heat of snushiDe is reduced by one-half for latitude, by seven- 
eighths because of night and of low nioruing and aftemoou tempera- 
tures, and again by one-half because of cloudy weather, makiug its av- 
erage value one- thirty-second that given above, yet there is more than 
enough over each square foot of forest to effect the traospi ration. 

It is only where the transpiration haa been very active during the day 
and continues into the night that its cooling could be possibly injurious, 
but as the temperature cools the trauspiration itself is checked, and 
besides the moisture which it has poured into the atmosphere serves as 
a screen to prevent rapid radiation from the soil, and its condensation 
returns some of the heat that had been taken up. There might, however, 
occuracombinationofcircumstances, very rapid transpiration during the 
day absorbing the sun's heat, a clear night, calm air and a low temper- 
ature from other sources coming on with the evening, when the trans- 
piration might cause the temperature to fall below freezing. This could 
hardly happen, however, without a meteorological change toward cold, 
and this change must come on toward evening, for otherwise it would 
itself check the transpiration. 

The combination would be more likely to occur over herbaceous 
growths, especially over grass and cereal crops, than over forests. 
Their transpiration, it appears from the table (page — ), is decidedly 
greater than that of the forests, and they make rapid advances much 
earlier in the spring when such low temperatures are otherwise possi- 
ble. 

TEMPERATURES IX WOODS, GLADES, AND PLAINS. 

The foliage of the trees reflects a considerable part of the solar rays 
which reach it, and this heat is reflected in all directions. That part 
which passes toward the sky is probably lost, and plays only a small 
part in warming the air. The part which is reflected longitudinally or 
at downward angles has a very favorable path for absorption by the 
air, more favorable in fact than that of the noonday direct rays of the 
sun. The absorption of this heat should occur, for the most part, in 
the vicinity of the forest. The temperature around the forest ought, 
therefore, to reach a somewhat higher maximum on sunny summer days 
than that of the air at some distance from the forest. 

On the other hand, the surface at the stations near the forest is ex- 
posed to nocturnal radiation of heat to the sky about as freely as is the 
station at a distance, and, as the former is often in the lee of the forest, 
its air is generally more stagnant. This promotes cooling of objects at 
the surface of the earth, and as the station near the forest is as much 
exposed to celestial radiation and the relative stagnancy of the air 
favors this cooling, and also favors the communication of it to the ad- . 
jacent air, the temperature at such stations should often fall lower than 
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over a plaiu distant from woods. The forest-fieM or forest-glade sta- 
tion is, tliereforo, not exiu^tly like a station in an open plain. It is 
likely to average a little warmer in tlie day and a little cooler at night, 
giving it a greater daily amplitude not only than that under trees, but 
greater, too, than that iu open prairies. Whether the uioan temper- 
ature would be different in the forest- field station would depend on the 
relative increase in uiaxtinum and minimum. If the increase in the 
former is greater, the forest-fleld station temperature would be higher 
than that of the prairie station; if the minima exaggeration is greater, 
it would be the opposite. 

The phenomena mentioned above are especially noteworthy in forest 
glades. The horizontal reflection from the foliage comes there from all 
sides, and the heat rays not absorbed are reflected from the opposite 
side, a part to the sky, a part to the opposite side, and this reverbera- 
tion of the heat makes sucb places oppressively hot in the early aiter- 
noou. This is well known to the hunter and to the pioneer with his 
little clearing in the deep woods. Again, aa the closed glade is in the 
lee for winds from all directions, the air is always somewhat stagnant 
and clear weather celestial radiation must always make a lower mini- 
mum temperature than where there is free circulation of air. The field 
station, when there is a pair, one in the forest, the other near by in 
the field, must alifays have something of the glade character in its 
temperatures, and the data given at this point must be somewhat af- 
fected by it. The relations for range of temperature, aa between the 
interior forest and its external station should show this, and the rauges 
should be somewhat greater than between forest and plain. Whether 
there is an exaggeration of the mean valueti of W—0 can only be told 
by observation. Fortunately the plan of the Swedish observations 
included and wHi.'^ rather devote<l to this particular side of the problem. 
The stations were really of four kinds. The first were under woo<ls, of 
which there were bnt three. The second were the parallel field stations 
for the three forest stations. These were usually located in an '* endroit 
libre " (opening), but the distance of the tbrest in all directions is given, 
so that this means a "glade" of greater or leas size. The third class ' 
were stations in "clairiere" (clearing), with the distance irom woods in j 
all directions (aud not very great). Each of these also signifies a 
"glade," but large and unlike the preceding. It has no corresponding 
forest station. The fourth class comprises stations in largeopen places, 
fer from forests. These are stations in the plain. This distribution of 
be great advantage of permitting a study of the aver- 
langedue to the "glade" position of a station and thus 
iss from therelatioQS between parallel stations to those 
and treeless districts. It has, however, the disad- 
stations are nut strictly comparable, as in the " par- 
id as would be the case in the" radial " system. This 
I in large part overcome by the careful selections of 
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stations, and this Dr. Hamberg, as appears from Uia discussion of the 
Swedish results, has endeavored to make. 

The deductions of Dr. Hamberg have beeu talteu without change, 
except in redueiug the units to the common English ones. The air 
observations were taken at a height of l.S meters {5.9 feet). The series 
of observations discussed for temperature are usually from three to five 
years' duration. The mean annual results are shown in Fig. 45. In 
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the air temperatures the maxima are higher in tlie woods as compared 
with the glades and as compared with the plains. They are, therefore, 
erected aboVo tlie zero line. The maxima are reduced in both cases, 
and they are let fall below that line. It appears at once that the mean 
range is lai'ger (the total line longer) for the reduction by wood as com- 
pared with plain. If the comparison of woods with glade be W— G, and 
wood with plain IV— P, then the following exhibits the diifereuces: 
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The range is exaggerated in tlic glade as compared witli tlie plain by 
0^^,36. The minima are also exaggerated in the plain l>y 0'^.54, but it 
aplieara that in tliis case the maxininm is reduced. 

The disappearance of this feature of glade temperatures is doubt- 
less due to the large size of some of the glades, and also to the higli 
latitude of tlie stations, giving a \ow latitude to the meridian sun. 
The relatively large reduction of the maxima eauses tlie mean temper- 
ature of the glade to be 0°.3C lower than tliatof the plain. It appears, 
therefore, that the glade climate is by a small quantity more rigorous 
than the climate of open plains. The forest tends, in so far, to exagger- 
ate or sharpen the diurnal changes of temperature. 

Fig. 45 also sliows the values of W~G and W—P for soil tempera- 
tures at the depths of 20 inches and of 5 feet. Tlie temperatures are 
slightly higher under plains; (f—T at both depths = +0°.!. 

Fig. 4B shows the monthly values of W-G, W—P, and 6— P. The 
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Fia. 4«.— IHITereiicFs of nir tniiiperal.iiTi' in forest, glade, nn.t ]>lniii (Swedish). 

stations are not necessarily tlie same for the tlnee ttgures nor the same 
as for the prec*din{r. The first curve is of the same character as tlie 
temperature figures iu the preceding sections, and shows the same gen- 
eral features. The cooling effect is much more marke^l in the spring 
tlian lias been the ease with any examined before. Tlie second shows 
an exaggeration of the features of the first, except for the line of 
minima, and tlurse ap{>ear in spring and summer to be mucli the same 
in forest and plain. Lit,ioi^lL 
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The thinl figure enables us to compare tlie differences between glade 
and plain. They are small, but curious. The line for minima (dotted 
line) and for maxima {broken line) have changed places. The maxima 
are reduced generally, though slightly, in glades as compared with 
plain, but the minima are exaggerated by a quantity two or three times 
as large. The result is that the glade is cooler in mean temperature 
for three of the seasons, and that its diurnal amplitude is sharpened 
or its climate made more rigorous. In winter the advantages are with 
the glade, in the other seasons against it. 

To bring out more clearly the advantage in range possessed by the 
plain over the glade, Fig. 47 has been constructed. The distance from 
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the zero line to the first curve give« the reduction of daily amplitude 
in woods as compared with plains, to the second of woods as compared 
with glades. The distance between the lines is the difference in ampli- 
tude favorable to the plain as compared with the glade. It does not 
change sign during the year, and glade and plain are alike for only one 
month, that of July. Fig. 48 gives the temperature values of W— G 
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iiaperature at 20 feet in depth. 



(unbroken line) and ir— i' (broken line) for the soil at the depth of 
20 incites. As is to be cxjiected, the temperature of the glade soil is 
intermediate between that of the woods and that of the plain. 

Dr. Hamberg also studied the effect of clear and cloudy weather on 
the differences between glade and plain. The following table gives 
the mean values of 6—P for clear and cloudy weather at the three 
hours of daily observation. The clouds cause the temperatures at the 
two stations to approach the same degree, reducing 6—P to zero: 
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Tiiaperaliire differeaceii in glade and plain. 
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Again, Dr. Ilamberfr studied the relations of tliis difference to the 
direction of wind, and found the effect t« be very slight, perhaps not 
appreciable. The horizontal reflection of the rays of heat from the 
foliage could cause an area of greater maxima and the shelter from the 
winds an area of lower maxima about a forest. The two together 
would cause an area of greater amplitudes or more rigorous climate, 
and this has been directly. observed by La Cour in Denmark. Obser- 
vations were taken at a series of stations at different distances trom 
the margin of the forest but at elevations above the sea, varying by 
only 10 or 12 feet. The result of twenty-four days' observation in the 
summer of 1867 in Jutland are given in the following table, where the 
corrections for differences of elevation are already made. The ther- 
mometers were arranged on a line from a northern to a southern forest : 
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It appears that the least amplitudes are in the forest and the great- 
est at something over 200 feet, n<)t less than 400 feet, outside. In tins 
case the highest temperatures are at the same distance, Acorrespond- 
ing series of observations were taken on the island of Zealand, and a 
similar area of highest amplitudes was found. 

OONri,USIONS REGARDING TEMPRRATURES WITHIN AND WITHOUT 
FORESTS. 

This completes the review of the direct comparative observations of 
temperatures in woods and without. While the observations show, 
like all other meteorological phenomena, very great variations due to 
soil, topography, latitude, and many other agencies, they i>ermit us to 
draw a seiies of conclusions which maybe considered as definitely 
establiNhed in their general featui-es. Tliey are — 
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(1) There is one BCiisou only of marked forest fu;tiou and that is the 
'wann seasoit. Tlie action is most marked in the early sammer months. 

(2) Iii the forest during this season the maxima of temperatures are 
lowered, the minima are raised, the meaa i a lowered by a degree or two, 
and the daily range is reduced by sevei-al degrees. This action decreases 
slowly up to the level of the foliage, then rapidly, disappearing at a score 
or two of feet above the foliage. 

(3) The forest litter plays an iinportaut part in preserving the tem- 
perature of the forest soil. 

(4) The vertical temperature gradient through the forest is reversed; 
it is greatest at the level of the foliage, decreasing slowly downwards 
but rapidly upwards, 

(5) The diurnal amplitude increases from the margin of the forest 
outwards to a distance of a score or so of rods, where it reaebes a maxi- 
mum. The amplitude is also greater, in glades. Hence the extremes 
of temperature are exaggerated just outside the forest. 

(G) As a result of the discussion of tree temperatures and the organic 
sources of warming and cooling in the plant, it may be added that — 

(7) The changes of heat due to organicprocesses are not sensible ex- 
cept, possibly, the cooling due to transpiration. The heat used in this 
process is an appreciable fraction of the heat from the sun's rays and 
the cooling due to it may lower to the point of frost a temperature 
already falling from general meteorological causes. 



In passing to the subject of temperatures and forests in its broader 
aspect, namely, in so far as it relates to differences in wooded and tree- 
less territories that are situated widely apart, the strict comparability 
of the stations is lost. The stations to be compared are distant from 
each other at different elevations above sea level, in different latitudes, 
and, possibly, members of different meteorological services, with all the 
differences in instruments and methods which that implies. These dif- 
ferences in the stations can not be so perfectly neutralized by applying 
corrections to the observations as entirely to satisfy the critical reader, 
because the corrections are themselves uncertain and they often sur- 
pass in quantity (for instance, the corrections for altitude) the amount 
of change which forests might be expected to make. Besides, it is often 
impossible to say when a difference is found that this is due to the forests. 
It may be due to other causes, for instance, the coolness of evaporation 
in regions of heavy rainfall, and the existence of the forest may be due 
to the very difference found. These difficulties maybe evaded more or 
less completely in certain definite cases, and it is the published cases 
of this sort which will now be given. The case of Vienna and its sur- 
roundings, discussed by Dr. Hann, is one of the most satisfactory. It 
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is tLe ciise of the temperatures in open fields about Vienna and in tho 
Vienna forest. The elevations vary by less tliau 200 feet and the ob- 
servations are eorreeted for tho variation. Tlie mean temperatures 
about Vienna are obtained from four stations. 



Stoitloue Bcnr Vienna, 


a; 


Elova- 


Jn.m- 


April. 


July. 


0«to- 


Xe«r, 


K£r.„. 


f. 


R53 


M.5 
3o' 




18,7 



The best forest station for the comparison is Hadersdorf, 18 milos 
soutbwest of the Hohe Warte, and its altitude differs from this by 92 
feet. If the second or cooler pair of stations in open country near 
Vienna, be represented by A, the first or cooler by B, and the observa- 
tions at Hadersdorf by C, the comparison stands as in the following 
table. 





LfltttHde. 


Jano^. 


ApriL 


Jaly. 


Octo. 


Tear, 




ie 14. s 

48 IS. 


2».t 
28.8 


47:7 


ttslB 


4e*.7 


4S.3 
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This table shows that there is an appreciable cooling in the Vienna 
forest and that this is greatest in summer and least in winter. The 
forest consists of beech trees only. 

A detailed comparison also brings out a curious fact. The tempera- 
ture in the forest region is nearer that in the open region at the 2 p. m. 
observations than for that at the 9 p. m. observations. The monthly 
means for the years 1875-1884 give the Hadersdorf temperature as 00.2 
higher to O'^.l lower than the Hohe Warte temperature at 9 p. m,, 1^.1 
lower to 40.5 lower, the difference being greatest in the summer months. 
The 7 a. m. observations are intermediate, varying from l°.l to 2o.2 lower 
at Hadersdorf. The explanation of this is probably to be found in the 
fact that the station at Hadersdorf is, in some sort, a glade station. 
The thermometer is not under trees, but is on the north side of a build- 
ing under the usual Austrian shelter. As already pointed out, the 
glade ha^ a greater range than the open field, and its maxima and min- 
ima must fall at about the same hour of the day. If the 2 p. m. obser- 
vations were deferred an hour or two, the temperatures at Hadersdorf 
would probably be higher than at Hohe Warte. 

The stations in forest regions used in making these general compar- 
isons arc not likely to be under trees. They are the ordinary meteoro- 
logical stations, and while in wooded territories, they could not prop, 
erly be established under the shelter of the compact foliage of a forest. 
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They ate generally in larger or smaller open places, generally on tbe 
north side of the building. Tbey are, tlieretbre, oft-en of the natare of 
"glade" stations. While they will not show the relation between the 
interior air of forests and the auriaee air of prairies, they will bear on 
the practically more interesting Question of the differences between 
these spots of a wooded region which are occupied by man and the 
prairie or plain, or the treeless region. The resnlte, however, will dif- 
fer somewhat from those obtained by a system of i)araHel stations. 

The meteorologist who has published the most elaborate stady of 
this subject is I>r. Woeikoff, who has devoted a chapter to it in his 
book OQ the cUmates of the earth. A striking case given by him in 
some detail is that of northern India. April to July are here the hot 
months. From July on the heat is tempered by abundant rains. The 
temperatures are compared, for the hot months, over a territory that 
includes the three different characters of treeless, transition, and 
wooded. In the first the vegetation is already burnt up by March, ex- 
cept for small stretches where irrigation is practiced. The third is the 
great forest region of the middle course of the Brahmaputra and its 
southern tributaries, where the surface is <;overed with the densest for- 
ests, and the openings are little else than islands in the sea of forest. 
The transition region lies over the delta of the Ganges and northward 
and has no extended forests, but groves and scattered trees and abun- 
dance of bamboos. The table which follows is Dr. Woeikoff's, except 
that for the most of the stations the temperatures have been taken from 
a later publication, that of Mr. Blanford's " Climates of India," 
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The fall of the temperatures in the hot mouths as the forest is reached 
is very noticeable, and it is still more so in the reduction of the maxima. 
The cooling in the forest region even appears to surpass that due to 
proximity to the sea. It is true that this difference in temperature 
may be in part due, as has beeu claimed, to other causes. The tern- 



92 FOREST INFLUENCES. 

perature in latitades 20° to 30° N. eeems to fall slowly from Western 
India to Gliina and ToDquin, bnt I>r. Woeikoff finds that it rises in tbe 
east, in the hot season, where there are extensive treeless regions, and 
instances Hanoi, in 21° K., where the annual temperataie is 75'^.6, Kay 
830.8, June 88=>.2, July 860.9. 

Dr. Woeikoff also gives series of temperatures near parallels of lati- 
tudes across Europe and int« Asia. A correction of {>°.9 is made for 
each degree of latitude, and of 1°.3 for each 100 meters of elevation^ 
All temperatores are reduced to a uniform elevation of 200 meters {656 
feet). The order is always from west to east. 

Mean (empecoltiiei for JuJy on the parallel of GS° If. 

Valontia 57.6 

LetpBic 62.6 Foljanki 

Warsaw 64.7 Orenburg — 

TBchemigow 65.1 AlmollinBlc . 



The mean temperature is lowest on the Atlantic coa^. It rises up 
to Poland by seven degrees, then remains steady over the forests of 
the Bug and Dneiper, then rises over the black-earth region of Central 
Biissia with extensive cultivation (Orel and Kursk), falls again in the 
forests over tbe sources of the Sura (Poljanki), to become again higher 
over the Kirghiz steppes. 

July tMiMt f«iiij]«)'(ilwre along E0° JT. 



Guernsey 59.5 Troppau 

Brnssels 62.6 ArvaTorallja (Carpatliiv 

Wilrzburg 68 Lirow (Lemberg) 

Promenhof (N. W. Bohemia) 64.4 Kieft 

Prague ■ 68 Cbarkow 

Hochwald 63.9 Semipalatiosk 



The temperature increases rapidly to the Main valley, then rises and 
falls over the forests of Bohemia and the Carpathians, becoming hardly 
higher at Charkow, where there remains some forest, than at Wtirz- 
burg. Eastward from here it rises rapidly. 

Jals mean temperaturei along 4S° If. 

DegFBM. D«gnM. 

Brest 62.2 BiBtnitz (TranBylvania) 68 

Versailles 65.5 Czemowitis 68.9 

CarlBrulie 66.6 Ekaterinoslaff 71.6 

Vienna 67.8 Lagan 73,5 

Debieczin (Hungary) 70.7 Irgis (steppes) 76.6 

RoBenan (Hungary) 68.9 

Here the rise is about eight degrees from the Atlantic to the prairies 
of Hungary (Debrecziu). It is cooler in Eastern Hungary and in ■ 
Transylvania, where there is yet much forest. Czernowitz is near the 
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Soath Russia steppes, but it escapes their warmiag inflneiice by the 
beech forests aroiiud it. This is the eastern limit of the beeches. 

Julji mean lemperaiaret on 46° N. 

]>6gree«. Degreps, 

La Bocbelle 66.7 raviczaMountai nn, Southeast U an - 

Milan 62.9 gary 67.5 

TrieBte 72.7 Pojana Ruska (Hungary) 67.8 

Agrau 71.1 Odessa 71.2 

Szegeiliii (Hnugari an prairies) 71.6 Chereson 72.5 

Arad (Hungarian proirieH) 73 Astrakan 75.6 

Raimsk and Kaaalinsk 76.1 

The high temperature of Trieste agrees well with its bare and burnt 
surrounilinga. In Croatia, far from the sea and where tliere are woods 
in the plain, it is cooler, warmer again in the Hungarian prairies, btit 
60 or 6° coolerin southern Hungary and Banat, where the vegetation is 
Inxnriaut. 

July mean temperatures along 42° N, 

Degrees. Degreea. 

Oporto 67.6 Poti 70.9 

Rome 75.2 Tiflis 78.8 

Ragtiea 74.5 Kutais 73 

Poti is in the midst of the swamps and forests of Mingrelia and its 
temperature is i° lower than in the Dalmatian towns on the Adriatic. 
Even Kutais is cooler than Eagusa, though the former lies far in the in- 
terior and the forests have been cut freely in its vicinity. 

July mean tentperalvret along SS° N. 

Degreea. Degrees, 

Lisbon 70.5 Smyrna 77.9 

Canipo Major 76.3 Lenkorau 74.7 

Pnlermo 76.5 Krastfoodsk 82.0 

Athens 76.2 

The low temperature of Lenkorau is especially noteworthy because it 
is deep in the interior of a continent and the cloudiness and rainfall 
are light. Yet in' the vicinity are extended forests with luxuriant 
vegetation. It is on the Black Sea, while Poti is on the Caspian. Near 
both are extensive forests. If the July temperature is reduced to i2'=> N. 
but not corrected for elevation it proves to be 73°.6, only 0°.4 higher 
than that of Poti. 

Dr. Woeikoff also calls attention to the remarkable relations of 
Bosnia, Herzegovina, and Dalmatia, along latitude 440K. The tem- 
peratures are here the annual means. 

DogroeB. Degrees. 

Baojatella, Bosnia 70.3 Kliss.-v, Herzegovina 74.8 

DolnjaTuslft, Bosuia 68.2 Mostar, Herzegovina 76.1 

I'rawnik, Bosnia 70.3 Knin, Dalmatia 73,6 

Ser^ewo, Bosnia 69.3 LiBsa, Dalmatia 72.3 
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Here it apiiears tbat tlie densely wooded Bosnia is 5° or 6° cooler than 
rocky, nearly treeleea Herzegovina, and even cooler by 2^^ or more than 
tlie smiill island ol'Lissa, which is exposed to the full influence of the 
Adriatic. 

All this goes to show that in the western part of the old world the 
presence ot large forests has a very sensible influence on the tempera- 
ture, so mneh so that the gradual rise of temperature from west to east 
is almost invariably broken by it. 

Comparisons similar to those of Dr. Woeikoff can be made along 
parallels in the United States with results similar in character but not 
so striking in quantity. 

The writer has made this comparison for the parallels which follow. 
The data are taken from the annual rejiorts of the Chief Signal Officer.' 
They are reduced to a common elevation of 1,OCO feet above sea level. 
No reduction is miide for latitude, but the stations used are selected not 
far to the north or south of the chosen latitude. 

Teaiperaiara along parallel SS° N", 
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Leavenworth lies near the margin of the wooded and treeless district, 
but in no case are the woods heavy and unbroken. The mean tem- 
peratures show no unmistakable effect of the woods, but there is an 
evident difference in the December temperatures and a stlU more 
marked difference in those of June. The difference is most marked in 
the extremes, as was to be expected. This is most clearly shown in 
the ineau amplitudes obtained by taking the minimum from the maxi- 
mum. The amplitudes for December at stations in the order given in 
the above table are 11°, 15°, 15°, 15°, | 16°, | 21°, 28°. The changeat 
the edge of the plains is very noticeable. For June the amplitudes are 
18°, 18°, 15°, 18°, j 20°, I 240, 300, with the same change as before. 

This comparison is not entirely convincing of the effects of forests, 
because with the change of condition as to trees there is a large change 
of elevation, so large that the correction forit surpasses by far the dif- 
ference which may be expected from the action of forests. This 
difficulty can not be entirely overcome in the American stations, for the 
plains form an interior table-land, but individual pairs of stations can 

•1885, pp. 82-8i, and 1886, pp. 408-111. 
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be selected, otherwise suitable and where the diflfereiices ot elevation 
are less marked. Such are given in the accompanying table. One 
station is in the wooded district, the otiier in the plains, and they have 
been selected with reference to being in the same latitude, to being as 
near the margin as possible, and U) having at the same time only mod- 
erate differences of elevation. 

Meait lemperatiiren /or ataliona inpairt. 
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The mean annual temperatures are persistently lower at that station 
of the pair which is 'Situated in the wooded district. The same is true 
of the mean June temperature, while it is reversed tor the December 
one The mi\ima are lower at the stations in the wooded area and 
also, generally, the minimi The mean monthly amplitudes for each 
pair for June are 18o 3 to 220.7, 2]o.8 to 240.6, 170.7 to 220.7, 23°A to 
230.0, 240.3 to 240.1 ; for December they are 15o.7 to I60.O, 20° 2 to 
240.4, 150.6 to 220.1, 190.7 to 190.9, 200.6 to I80.7. They are generally 
larger at the station on the plains — always so at the lower latitudes. 

It appears, therefore, that wooded districts have an advantage in 
temperatures over treeless areas. The forests lower the mean tempera- 
ture slightly and also cut down the range. 

There has been much discussion over evidence of change of tempera- 
ture at individual stations, or over more extensive areas, which might 
accompany changes in the quantity or distribution of the forests. The 
general opinion is that the data are not sufficient to give satisfactory 
conclusions. To be sure of a change, one must be sure of a definite 
and marked chiinge in the amount of forests and must also be sure of 
the temperatures before and after the change. The first requirement 
is not without its difficulties, aud the second is usually impossible. 
The early observations, if any were taken, are always defective in 
methods, instruments, and the care given to them. A variation in 
the exposure of the thermometer alone might cause a greater difi'erence 
of mean temperature than we would expect to find between tbrests and 
prairies. 
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KELATIOK OF EVAPORATION TO FOItESTS. 

The amount of evaporatiim (lepcncls esiieciully on tbe temperature, 
the wind, and the luuount of vapor alrciidy present iu the iiir. The first 
two aie much changed by the presence of the forest, and it is to be ex- 
jiected that the evaporation in and about woods wouhl show some 
pecaliarities. The evaporation varies very much also with the ehar- 
acter of the surface from which it proceeds. Some surface must, there- 
fore, be taken as a standard for evaporations, and the measurements be 
made with reference to this. There is considerable variation in the 
standard surface selected, but in the German service it is that of watei'. 
The reductions have been ma<le, in this section, to terms of evapora- 
tion from a water surface. At the same time, since the. evaporation 
is chiefly of meteorological interest because of its relations to precipi- 
tation, the amount of the latter is also included in the comparisons. 
The observations were carried on in the open fields and in the forest. 
The instrument employed is described on page 39. 

Fig. 49 exhibits the comparison of the aunual evaporation in fields 



Fjo, *B.— ETaporatlon anfl proctpitatlon. 

(E 0) and woods {E W) with the precipitation. It will be noted that 
the evaporation under trees is about one-half of that in open fields. 
The precipitation is that of the open fields and, for the German stations 
and years reduced (the ten years, 1879 to 1888), its annual value was 
34.3 inches (871 mm.). The evaporation in the fields for the same sta- 
tions and time was 12.7 inches (322.5 mm.) annually, and that in the 
woods 5.4 inches (137 mm.}. The corresponding percentages of evapo- 
ration were 37 and 16, showing a saving «f 31 jMjr cent, of tftg precipi- 
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tation by the woods. Fig. 50 exhibits the distribution of the evapo- 
ration for the year. Tbe apper line represents the progress for the 
water surface in tlie open air, the lower that for the same in the woods. 
The shaded space indieat«8 the saving, ia inches, of a sheet of water 
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which is affected by the cover of the forest in lesscniug evaporation. 
Tbe evajwratiou and its saving by tbe woods are both greatest m May 
and Jnne and they decrease syinmetiically on each side of these months. 
The amount in the winter monUis is very small, and it is, moreover, 
somewhat uncertain, as it ia difticalt to make the observations at that 



Fia. M — PereenlagBof eraportttton in tlie wooilB ax compared with tliiit luopi^n fields. 

season. The annual evaporation in the i\oods is 44 per cent of that in 
the llelds. Fig. 51 represents the percentage for the different months 
of the year. The upper straight line stands for 10(1 per cent, or the 
evaporation in tlio fields during the year, and the curve below repre- 
sents the percentage in tbe woods. The shaded space is the percentage 
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of field evaporation which is saved by the forest. This covers a full 
half of the diagram, with some addition to this from May to November. 
It is also interesting to compare the cvai)oration from & water surface 
with tbe precipitation from month to month. This is done in Fig. 52. 
12444— No. 7 7 
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Tlie upper atraigbt line represents precipitation, while the ujtper curve 
represent*! evai>oratiou in the fields, tlie lower that in the forest. Pre- 
vious diagrjims showed that the amount of evaporation increased rap- 
idly up to May and June; this one shows that the percentage of rain 
evaporated increases even more rapidly iiud reaches its maximum in 
April, a month earlier. I<'rom this jKiint it descends more slowly to the 
winter months, when the miuimum is reached. Almostthe same course 
is taken hy the evaporation within woods. The hatc^heil s])ac'es below 
represent the percentage <»f precipitation evaporated within woods and 
without, the croa8-hatche<l iiart that saved hy the woods or evaporated 
in open flehls in excess of that evaporated in woods. The saving is 
greatest at the time when the eva])oi'ation could dispose of the largest 
eprcentage of pre(;ii)itiition, namely, in spring and summer. 

It is interesting to see whether the evaporation )ihetiomena ]>reseiit 
any difference with diflerent kinds of trees or with trees of diftierent 
ages. Figs. i9b and e exhibit tlie annual ((uantity of precipitation 
and evaporation for stations under and outside of deciduous and ever- 
green trees respectively. It will he noticed that the saving of evapo- 
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Fio, 53.— PercenUgnnf pvaporalion fn woodatothnt 



_ YOUfta TREES. 



ration under trees is more marked for deciduous trees. Tlie percent- 
age of evaporation in forests to that outside is 41 for deciduous trees and 
45 for evergreens. Fig. 4!)(/ gives the same data for young trees. It 
will be noticed that the percentages are here entirely changed. The 
evaporation in fields approaches the quantity of precipitation (which is 
here small), while the evaporation under trees hugs closely that in the 
open. The evaporation in the open is here 73 per cent of the rainfall 
while that under trees is 58 per cent, which is 80 per cent of the former. 

Fig. 53 gives the percentages of evaporation in woods compared to 
that outside for the various months. That for deciduous trees (the 
dotted line) varies more during the months and sums up slightly less 
for the year. The effect of the leafless condition in eaj-ly spring is 
feintly visible. 

The unbroken line represents the percentages for young trees. It is 
very uneven (on account of the series of observations, only seven years), 
but it run-, much higlier and <ict-asi(»nally the evaporation under the 



trees is greater than that outside. 
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Dr. Ebermayer's series of observations incladedmore elaborate ones 
ou evaporatiou tbau those of the Germau service. In addition to the 
evaporation from a water surface he also measured that from bare soil 
outside the forest and within, and that from soil in the forest which 
was covered by forest litter. The latter observntionm were made only 
in the months from April to October. His instruments were first a 
simple one, somewhat like that of the fi-erinan service already deseiibed, 
and then the evaporometer of Lamont. The evaporation from earth, 
either naked or covered with litter, was measured by an apparatns 
which worked on the princiitle of the stndent lamp and kept the earth 
always saturated. The vessel containing the earth is of zinc. The 
instruments are protected from the sun, rain, and snow, but the air is 
given free access to them. The following table gives tlie percentages 
which are derived from hia results, with some corresponding ones from 
the German stations to permit comparison. The evajwratton from a 
wat«r surface is the mean for six stations for three years; tbeother evapo- 
ration percentages are for two, with the exception of two months. The 
precipitation is for one year. The percentages are always made from the 
averages for corresponding years. The data from the German observa- 
tions are for ten years. 

Svaporalion in Koods in per cent of evaparation in the open. 





Dr, 


Bbemiftyer'a re«ult«. 




Gamn 


nol«erv 


ntlons. 






Bureaoa. 


ostlit- 

wUhill 
forest. 


Raln- 


Watar 


«rftce. 


Ruin- 




Open, 


Woods. 


Opon. 


Woods, 


Open. 


WoodB, 






'.t3 


1.W 


.u 




'.BS 

LOfl 
.59 




'.il 


1 J7 
































'■ 


.38 


.9J 


.35 


.13 


.95 


1 


.39 









This table brings to light several interesting facts. The ratio of 
evaporation without and within woods is about the same in the two 
services, giving confidence to the generality of these figures. It ap- 
pears, however, that the evaporation from a bare soil is about the same 
OB that from a water surface. This is very large and is probably due 
to the fact that the soil is always kept saturated. The ratio between 
evaporation from bare soil within woods and withoat is about the same 
as that for the water surface. 

The most striking feature of the table is the eflfect of the presence of 
forest litter ou the evaporation from the soil within forests. The char- 
acter and depth of this litter would make much difference, and it was 
probably kei)t as nearly as possible like that lying naturally in undis- 
turbed woods. In this series of observations, even with saturated soil 
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underneath, it permits an evaporation of only 0,13 per cent of a free 
water surface. About aeven-eigbtbs of the evaporation &om the forest 
is cut ofif by tbe woods and litter together. 

The ratio of evaporation from a water surface to the precipitation 
for the same months Is surprisingly large. According to these obser- 
vations S per cent more than the precipitation during the warm season 
could be disposed of by evaporation from a water surface. Many sur- 
litces permit a readier evaporation, and if we add to evaporation from 
a meadow, for instance, the large traDSpiratlon from the grass, it would 
appear that on the average more water must be evaporated than falls 
during this season, which is very improbable. The German observa- 
tions give a more probable value, that of one to two. Evaporation is 
very readily affeeted by slight causes, and it appears probable that 
Dr. Eberraayer's instruments, or their exposure, may give occasion to 
an increase of evaporation aa compared with the German stations. 
The annual rainfall is about the same for the period for which results 
arc published from tbe two services — 34.3 inches (871 mm.) in the one 
case, 34.5 (876 mm.) in tbe other. The amount of water returned into 
the air over a forest is a quantity worth knowing, even though roughly 
approximated, especially if it can be compared with that from other 
forms of vegetation and from bare soil. The forest air is furnished 
with vapor by the forest through transpiration from the trees, through 
evaporation from the soil, and through evaporation from the trees. 
The transpiration has already been estimated at 6.5 inches. This (and 
other special action of the forest) is practically confiued to the warm 
season, which may be considered as extending from May to September, 
these mouths included. The evaporation from a free water surface in 
the open at the German stations for this time is 8,39 inches (313 mm.). 
Tbe transpiration is, therefore, 6.5-7-8.30= 0.77, or 77 per cent of this 
evaporation. 

The evaporation from the soil under forest litter is, according to 
Ebermayer, 13 per cent of that of bare soil in the open in the warm 
season. Dr. WoUny has caiTied on several aeries of observations on 
evaporation through a forest litter, and from these it appears that the 
litter reduces the evaporation by one fourth or one-third. This would 
give three. fourths of 0.39 or two thirds of 0.39, which are 0.30 or 0.26, 
numbers considerably larger than Dr. Ebermayer's, As the lattei's 
observations were made on an observational scale while Dr. Wollny's 
were only on an experimental one, we will take Ebermayer's result of 
0.13 as the measure of evaporation in woods. 

Only 70 per cent as much rainfall reaches the rain gauge in the 
woods as falls in the open fields, the rest is caaght in the leaves or 
branches and moistens these and the trunk. 

Very little runs down the trunk, as has been shown by the observa- 
tions at Nancy .^ This 30 per cent of rainfall must be again evaporated, 

m obHervatiouB made under one tree, the kind and con- 
Q stated, and the conclosiona have lieeu refuted b^ tlie 
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^Dce the plant takes up little or no water in tliat way. We liave, tliere- 
fore, to add to tlie other forest additious to the vapor of the air 0,30 x 
2,02 = 0,61 per cent of evaporation from a free water surface in the open 
air. To this should bo added the amount of dew which ia evaporated, 
but this is unknown, and as it is condensed from the adjacent air at 
night to be added to it again in tlie daytime, its omission will not make 
the result less siguiBcant. The moisture added to the air is, therefore, 
roughly, tor the warm season : 

By transpiration, .77 per cent of tlie free aiirfnce evftporation. 

B; interior evaporntion, .13 per cent of tlie H.lme. 

By evaporation of rdinfall, ,61 per cent of the game. 

Total, 1.51 per cent of the evaporation from a water aurfi^e in open fields. 

To get the total in terms of the precipitation, this result ia to be 
divided by 2.02, giving 0.75. 

As to other forms of vegetation v.irious estimates are given, but Dr. 
WoUny within a few years has made a series of careful measurements. 
From them, by reducing, we get — 

For miied crops and fallow, 1.44 of evaporation. 

For clover, wheiit, oats, etc., 1.73 of same. 

For sod, 1.93 of Hame. 

These values are conservative, other authors giving generally larger 
ones. The evaporation from bare soil varies much with the kind of 
soil and its degree of saturation with water. 

As Dr. Ebermayer kept the soil constantly saturated, his results do 
not represent natural conditions. The evaporations from soil in open 
fields will be cut down by general lack of sulfieient moisture to satu- 
urate them. Schubler's value of soil evaporation liaa, therefore, been 
used. By it the soil evaporates 0.60 as much water as a water surface 
sheltered ft-om sun and wind, but otlierwise freely exposed to the air. 
Tabulating the results, we find that the percentages of additions of 
moisture to the air over different kinds of vegetation are about as fol- 
lows foi the warm season : 
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Anstrian measurements of Hiegler, published in the Jonrnal of the Forest Esperiment 
Stations in 1879, from which it would appear tliat the rainfall reaching the soil is 
increased by from 3.4 to 19.6 per cent throug;h the water ranntng off along the trunki, 
according to the kind of trees ; the first figure referring to spruce, the last to beech. 
The total lossof natoi-byiuterception may then be averaged to be 12 per centof ths 
TtiinfUl instead of 30. See also p. 134 of this hnlletln.— B. E. F. 
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It appears that the forest is of median) activity in tbis regard. It is 
nsaally surpassed by the ordinary forage crops, but surpasses ordinary 
fallout' growths and far surpasses the average bare soil. 

Still, the forest exercises a strong, conservative effect on the vaters 
within and under it. It saves tbe most of its ground water from evap- 
oration, and a great deal of the water above the surface. It differs 
from other forms of surface covering in drawing its water from a 
greater depth. It tlierufore does not dry out the surface so much, 
and it is also less sensible to temporary droughts. Although less effec- 
tive, on the average, in adding vapor to the air than are many less 
herbaceous forms of vegetation, it is more steady in its action, and it 
therefore adds its moisture when it is most needed. During cou- 
tinued dry weatlier the roots of the grasses dry out the surface soil 
and eshaust its water. They then cease pouring moisture into the air. 
At such times the forest may continue its transpiration and at the 
same time, by its preservative action, its soil is charged with moisture 
and may continue to feed the springs tributary to it. 

FORESTS AND HUMIDITY. 

The psychrometer observations, within and without forests, permit a 
study of absolute and relative humidity. The comparative results for 
the absolute humidity are given in the accompanying table in the form 
of the values of W—0. The plus sign indicates a greater amount of 
vapor in the air of the forest; a minus sign the reverse. The units are 
hundredths of a millimeter of mercury as it would be shown in a 
barometer. The first part- of the table is derived from the German 
observations. To it are added the values calculated from the observa- 
tions in forest and glade ( W— G), and in forest and plain ( W—P), from 
the Swedish service. 
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These numbers are very small, so small that, notwithstanding the 
absolute humidity is itself of small amount, they are usually less than 
1 per cent of it. Tbis is true of the (Jerman observations, except for 
the young trees. Here the value of W — is always positive and 
reaches up to 4 or 5 per cent of the total absolute humidity. This . 
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may be due to tlic snrroundinge of tliis station, wliich is on tlie Liinc- 
burger heath, an imineuse tract of moorland occupying the eastern part 
of Hanover. Tliere is no distinct difference between tree crown and 
base nor between glade and plain. In the individual stations the mean 
is frequently larger than the average of all, and is sometimes consist- 
ently positive, in other cases regularly negative. It appears, as might 
be expected, that there is no general diftercuce between the absolute 
liiimidity in woods and outside, and the differences in individual sta- 
tions may be due more to the surroundings of the station in open fields 
than to the forest. The lack of a characteristic absolute liuinidity in 
forests can be completely explained by the fact, already shown, that 
the forest is not an especially active producer of the vapor of water. Its 
position in this respect is intermediate; and even if it did produce a 
peculiarly large or a specially small amount of vapor it would not be 
apt to show a peculiar absolute humidity because of the rapid connec- 
tion and mixture of gases. A gas spreads in all directions and with 
great rapidity usnally from the point where it is produced. An obser- 
vation by M. Becquerel illustrates the fact that a source of vapor need 
not give the air about it a higher absolute humidity. He compared, on 
a summer's day, the psychrometerreadingsin theairat5feet,justover 
a tree, just over garden vegetables, and just over a stream, and found 
the absolute humidities to be practically identical. However much 
these surfaces may have differed in the production of vapor, the rlipid 
connection and mixture prevented this difference from being appreciable 
as absolute humidity of the air. 

While the absolute humidity depends oidy on the amount of the 
vapor of water in the air, the relative humidity depends on this and on 
the tempffl^ture also. As a difference in temperature between woods 
and open fields has already been shown, there must be a difference in 
relative humidity, and as the temperature of the woods is lower the 
relative humidity must be higher, or the value of W— must be posi- 
tive. The following table shows that this is the case: 
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Tliere is no great difference in the different cases. The surplus in 
the tree crown is a little smaller because the temperature is higher 
there. 

M. Faatrat has carried on some observations of humidity above trees, 
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but his resiilta, aa piiblislied in tlie Compies Eentlvs, arc friignientary. 
They aro given in the acttoinpiinyiiig table as they were published. 
The results in absolute humidity were not pxiblislied. Tlie observa- 
tions over trees are compared with those at the same height over fields 
and about a thousand feet distant. The psyclirometer was several feet 
above the trees in the case of the deciduous trees, but close to the top 
of the evergreens. 
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The surplus of relative humidity over deciduous trees is not great, 
bnt that just over the foliage of evergreens is so large as to be signifi- 
cant. The published results do not admit of a ready couipntation of 
the absolute humidity, but the surplus of the relative is great enough 
to suggest a surplus of the absolute, large enough to be easily meas- 
ured. The special, elaborate, and refined observations at Eied, in 
Austria, show slightly greater variations in absolute humidity than 
previous ones, and though they are nearly evanescent, some uniformity 
can be traced in tliem. As they were taken at irregular intervals they 
are not suitable for a general tabulation and their number forbids their 
being quoted at length. The conclusions reached by the discussion of 
them and given by Dr. Lorenz Libumau are as follows: 

The absolute humidity decreases in the forest from the soil upwards. 
The rate of decrease is usually the greatest under the trees and the 
least at the level of the foliage. The rate above the trees is intenne- 
diate between the other two. This rate is least in the late hoars of the 
night, when it may be zero. It increases with the increase of the tem- 
perature of the air, becoming greatest in the midday hours, when, 
under exceptionally favorable circumstances, it may make a difference 
of 10 per cent, or even more. Occasionally, in high winds, the absolute 
humidity is greater over the trees. Over the field station the daily 
progress of the absolute humidity was about the same as in the forest, 
but the maximum difference was only about half as great. The abso- 
lute humidity in and above the forest is greater than that over the open 
fields, and there is some trace of an increase of this difference to the 
time of maximum. 
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The relative Immidity decreases upwards in forests, but there is an 
occasional reversal of this at night. Over the opeii fields it decreases 
upwards with wet soil, bat iucreases with dry. It is almost invariably 
greater about tlie' forest, above as well as inside, over the field station, 
and it is higher above the forest than it is at 5 or C feet above the 
open field. The small sigiiifleaace of the vapor poured into the air 
by forests in raising the absolnte humidity anggests the question of 
the relations of the forest to other constituenta of the air. The forest 
tiikes up large quantities of carbonic acid, retaining the carbon and 
rejecting the oxygen. Does it sensibly change the relative quantity of 
eitlier constituent so that the composition of the air is slightly differ- 
ent in the woods? llepeat«d observation shows that each constituent 
is curiously uniform in quantity in the fiee aii". It has been thought 
the carbonic acid is quite variable, but the introduction of better 
methods of observation shows that, exeejit in confined places where 
the gas is produced, the variations are very small. 

A study of the numbers involved will show that the carbonic-acid gas 
taken up by a forest is avanishing quantity compared with that which 
passes the forest in the same time with the moving air. Orandean 
gives the annual product of carbon by a forest of beeches, spruces, 
or pines as about 2,700 pounds per acre. This corresponds to 9,900 
pounds of carbonic-acid gas, or 69,300 cubic feet. Now. if the average 
motion of the air is 5 miles per hour (a light breeze, a low estimate), 
and the layer of air from which the gas is takeu be estimated at 100 
feet thick, there would pass over an a<;re 550,01)0,000 cubic feet in one 
hour. This air must contain about three parts in ten thousand of car- 
bonic gas, and the total amount of the latter per hour is 105,01)1) cubic 
feet. But this is 2§, or more than twice as much as that taken up by 
the trees in the entire season, so that the air could provide in thirty 
minutes tor the wants of the trees for the entire season. If this seji- 
Bon is taken at r> months, or 150 days, the amount of air passing is 
55 X lO^x 24 X 150=198 x 10'" cubic feet, and the amount of carbonic-acid 
gas is 594 X 10*. The ratio of carbonic acid used to that furnished is 

The additions of oxygen to the air would form a still smaller percet<t- 
age of the oxygen already present, tbr this gas makes up a quarter of 
the air instead of a thirtieth of 1 per cent. 

The case is somewhat different with ozone, as it is formed in certain 
delinite localities and its eagerness for combination is such that it- can 
not pass far from its source beibre it will disappear. The resins of 
coniferous woods should be an abundant source of ozone, and although 
the decaying matter in and about woods provides abundant occasion 
for its disappearance before passing off into the outside air, still the 
amount of ozone in such woods should be sensibly greater than outside. 
Observation lias not shown this unequivocally, but that may be due to 
the namerons imi»erfections of the method employed. 
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RAINFALIi IN, ABOVE, AND NEAH FORESTS. 

Tlje first result from tlie parallel system of forest .observations with 
regard to rainfall is the determiuatioti of the quantity of rain under 
trees as compared with that outside. Aside from any possible differ- 
ence of rainfall over forests and outside, the tree and its foliage serve 
as a cover for the space underneath. Tlie result is that the rain 
gaug'es under tlie trees fail to get as much precipitation as those which 
are in the open fields. Generally the rain ganges are alike in the two 
stations. Much dift'erence is caused by the position in which the for- 
est rain gauge is placed, whether under a crown of dense foliage or 
near its edge, or under the lighter foliage of smaller or scattered trees. 
Very little information is given on this point. The rain actually caught 
annually under trees in the German service varies from 89 per cent of 
that in the open (at Carlsberg) to 52 per cent {at St. Johann). The 
average is 75 per cent, or three-quarters; and ten of the sixteen sta- 
tions do not vary 5 per cent either way from this mean. A twelve- 
years series of ohservations gives, for the three Swiss stations, 90, 84, 
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and 77 per cent, giving a mean of 84 per cent, considerably larger 
than that given by the German stations. 

The station at Eellefontaine, near Nancy, also gives 84 per cent as 
the mean of eleven years of observation. 

The proportion of the precipitation which passes tiirough the foliage 
varies slightly with the season. Fig, 54 shows the relative amounts 
(percentages of outside precipitation) for the individual months. The 
percentage withheld is somewhat greater in the warmer season, though 
the difference is not great. Fig. 55 distinguishes between the ever- 
green and deciduous trees. The values for the evergreens are rep- 
resented by tlie broken line. They appear very even, with only a slight 
tendency downwards in the warm season. The dotted line is tbe curve 
of the percentages for deciduous trees. It is less even than the otlier. 
The dip downward is decidedly more marked, but it is not great. It 
would seem that the advent of the foliage would have a much greater 
effect than that i-epresented by the slight turn dowuwards of the curve 
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from April to Juue. The drop for decidaoaa trees duriug these motiths 
is from a percentage of 77 to that of 06, then to 65, making the foliage 
catch bat 12x>erceutortheprecipitation,wbilethebarelimb8 and twigs 
in March canght 14 per cent, and in April apparently 23 per cent. The 
evergreen trees permit 73 per cent of the rainfall to pass through their 
fohage in April and identically the same in June. Admitting (though 
there arc some reasons for doabt) that the rainfall is actually the same 
over a wood and a place outside but near, this small action of the foliage 
as compared with the branches and twigs requires explanation, and, 
whatever the explanation may be, it must apply only to deciduous trees, 
as evergreens show no difference in these months, No satisfactory 
explanation occurs to me. The catch in winter is largely influenced 
by the form of precipitation, the snow being caught temporarily and 
let fall later into the ganges below, but this would not aftiect the fall 
&om April od. 
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The foliage catches more of the rainfall during the warm season, even 
in the case of deciduous trees. The percentages for the German stations 
are as follows, the warm season being taken from May to September, 
five months : 
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It seems that the deciduous trees withhold more of the precipitation 
{3 per cent) through the entire year thau do the evergreens, and that 
this percentage additional becomes 9 in the leafy season. 

Ijess than two-thirds of the rainfall in open flelds, during this season, 
succeeds in reaching the gaugeunder deciduous trees; more than three- 
quarters reaches it uuder evergreens. This difference may be easily due 
to the character of the foliage in the two cases. 

As an average from sixteen stotions, and about 150 years of observa- 
tion, it is found that, in the warm season. 30 per cent of the rainfall in 
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the oi)en fails to rea«li the ^ugesiiDder the trees. Taking all flcasoDS 
togetber this deficit under trees is 25 per ceut. The disposal of this 
water is easy to explain. It does not include the water that drips from 
trees, for this is fairly accounted for by the gaufies. It is the water which 
moistens the tree and its various parts, and also that which flows down 
the trunk. Thelatt^rpartreaehesthesoiland is measurable; the former 
is evaporated again without reaching the soil. At Nancy arrangements 
were made for including in the catch of the gauge the part which flows 
down the tnink. At two stations large gauges were put in ; they were 
of the same size as the tree crown and they embraced the trunk, a collar 
about which directed the water into the receiver of the gauge. The 
pen^entage of catch in the woods was here 92, the largest in stations 
provided with ordinary gauges. The latter were used at the Belle- 
fontaine station, which was not very distant, and tliecatch was here 84 ))er 
cent. This is larger than for most other reported retarns, but the differ- 
ence between this value and that for Ginq-Franch^es may perhaps be 
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taken as an approximation to the quantity of rainfall which flows down 
the tree trunk. This would be 8 per cent^ These are means from eleven 
years of observation. Fig. 56 gives the distribution of the percent- 
ages through the year. The upper curve is for Cinq-Franch6es with 
its large rain gauge; the lower curve is for Bellefontaiue with ordinary 
gauges. They both show something of the dip for the warm seaeoD. 
At Cinq-Francb^es the precipitation under trees for one montli (Febru- 
ary) is slightly larger than that in open fields. 

M. Fautrat's observations include those on precipitation above forests. 
The rain gauge over the forest was compared with one at the same 
lieight and a thousand feet away, over fields. The two pairs of stations 
were in the forests of Halatte and Ermenonville, and have been already 
describe(t. The accessible data were, for Halatte, the monthly values 
for February to Jidy, 1874, and August, 1876, to July, 1877; for Ermen- 
onville, the monthly values from 1875 to July, 1877. These have been 
changed into inches and condensed into the accompanying table: 
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These results are of so great interest that it ia uDfortnnate that the 
publiahed series of observations is so short. Baitifall observations, to 
give satisfactory results, must be derived froni a long series of obser- 
vations. M. Fantrat'» observations are very consistent among them- 
selves, however, and the nniformity of signs of W— and the distribu- 
tion of the values through the season, show that they are not due to 
accidental limits of heavy rains so arranged as to inclade one station 
and exclude the other. According to these observations, the simple 
precipitation over woods is 9 per cent more than that over open fields 
In both oases. The amount which reached the ground under the woods 
was 90 pel- cent of that over the fields for one year in the case of the 
decidnous trees, and this gives the large average percentage of 39 for 
that which was caught by the foliage. For the evergreen trees and 
the whole series of observations the amount which reached the ground 
under trees was only 56 per cent of that in the open, giving here 53 
per cent as the catch of the tree^. The arrangements of rain-gauges 
by M. Faiitrat did not permit the measure of the amount flowing down 
the trunks. Using the per cent obtained at Oinq-Franchfies as the 
measure of this, we have the following curious and interesting relations 
between the precipitation over woods, in woods, and outside. The 
data are percentivges of the rain of all outside, in this case at the 
height of the upper gauge, as that at the lower gauge is not given. 
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While Fautrat's observations show that there was a higher rainfall 
over trees in the department of Oise than over comparative stations in 
the open fields, they do not show that that occurs in Germany or else- 
where, but gives enough of a presumption to that effect to make it 
worth while to examine the subject more fully. It frequently happens 
at the German stations that the heaviest rainfalls for the month (which 
are always noted) are greater under trees than at the field station, bat 
as this could easily be due to heavy local rains it is not especially sig- 
nificant. It is otherwise with the monthly rainfalls. If the monthly 
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amoaiit under trees is greater tlian that oatside, there is a fair pre- 
SQinptioa that the rainfall over the trees is persistently heavier, and 
where this is fouod for several months, and in the warm season when 
the precipitation is rain and can not he very long sustained in the 
foliage, the presnmption becomes very much Htrongev. There were a 
good many cases in the two hundred years of observation at the Ger- 
man stations when the monthly catch under woods was greater than in 
the open fields. X will take a tei:y of the most interesting, for the warm 
season : 

Cailsborg, May, 1881 (1,24), ami September (1.11); also September, 1885 (1.20), 
June, 1887 (1-20), and May, 1888 (l.U) ; Solioo, May to September, 1886 (1.05, 1.00; 
1.04, 1.40, 1.40). 

These are both stations among evergreens, and the summer reduction 
of the catch under trees for this season, for the German stations, is .26 
per cent. If this is added to the above they become — 

For Carlsberg 1.50, 1.37,1.46, 1.46, 1.40 

FotSchoo 1.31, 1.26,1.30, 1.66, 1.6G 

and it appears that the monthly fall in the woods may be from a fourth 
to two-thirds more than in adjacent fields. If instead of the .26 per 
cent of the German service, the .45 per cent tbund by Fautrat, by actual 
measurement, as the difference in rainfall above and below evergreens, 
be added, these values become .19 per cent greater, and the rainfall 
observations at the forest stations generally become larger than those 
in open fields. 

But Fautrat's .31 per cent for deciduous trees and .45 per cent for ever- 
greens are the results of brief series of observations at only two sta- 
tions and can not be extended to the results of observations at other 
stations without uncertainty. 

They afford, however, some grounds for the presumption that rainfall 
is heavier over woods, and it is not hard to find reasons why it should 
be. But it is moat satisfactory to wait until the fact has been proven 
beyond a doubt, and in the lack of sufBcient observations on this point 
lies the chief and most important gap in forest meteorological work. 
For the completion of the theory of the action of forests on climate 
exact observations are needed above trees at many stations and for 
long series of years, and the most important data to be obtained are 
those relating to precipitation. The rainfall caught under trees is of 
minor importance — fax subordinate to the amount caught above trees. 
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This branch of the forest iaet€orological problem is the most impor- 
taot of all, has been most discussed, and the dtscussioa has resulted in 
all shades of opinion, from those absurdly favorable to trees to those 
utterly adverse. Direct comparison of observations is here not possible, 
or at least comparable observations have not been carried on, and, as 
in the case of temperatures over wooded and treeless districts, there is 
always occasion tor doubt whether the diftferencea found at the selected 
diftcrent stations are not duo to other things than ihe presence or 
absence of i'orests. The difficulty is, in fact, greater here than in the 
case of temperatures, because the rainfall is especially sensitive to all 
shorts of conditions and surroundings, and is also apparently very capri- 
cious (changing from month to month or year to year by large amounts 
and without any discoverable cause). In addition to all this, when a 
difference of rainfiiU corresponding to a difference of forest conditions 
has been found, there is still occasion for doubt as to which ia cause 
and which effect There ia every reason to believe that with iucreased 
rainfall, other things being favorable, there will be an increased growth 
of trees. 

The facts at hand do not prove, with entire conviction, that forests 
increase the rainfall. The historical method is lacking generally iu 
the character of the data for the beginning of tlie comparison. Be- 
sides, where a change of rainfall is actually shown to be coincident 
with a change in the forest growth it is not entirely certain that 
the former is due to the latter; it may be due to what are called 
secular changes of the rainfall, the reasons for which lie beyond our 
tnowledge. The geographical method is not entirely satisfactory, for 
the reasons already mentioned. The entirely convincing method de- 
pends on observations above forests and with systems of radial sta- 
tions as proposed by Dr. Lorenz-Liburnau, and from these there is not 
yet a euificient amount of published results. 

It will be of interest, however, to see what is the character of the 
geographical method so far as it relies on purely meteorological facts. 

In 1866-'68 M. Becquerel took a series of observations of rainfall at 
five stations, at Montargis and Chatillon-sur-Loing, and their vicinity. 
They are in the department of Loiret, 50 to 75 miles (80-121 kilom.) 
south of Paris, and contained within a range of 25 or 30 miles (40-48 
kilom.) of a country with fields and woods interspersed. His observa- 
tions gave results as follows : 
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At the end of tlie first year's observatioDs M. Becqaerol calls atten- 
tion to the larger amount of rainfall at the more wooded stiitions; at 
the end of three years, however, he practically recalls this mild sug- 
gestiou. The obHervatious were taken for two years only at Lc Charine 
and were corrected to make a mean corresponding to that fortlie three 
years at the other stations. M. Ueaiuerel also examined the relations 
of rainfalls to forests in Denmark, but the lesutts were somewhat am- 
biguous. 

The observations made near Nan<y were arranged in such a way 
that some conclusions could be drawn as to the relative rainfall among 
forests and in open counlry. 

Cinq-Franch^es was in the midst of the large wooded plateau called 
the forest of La Haye, composed of deciduous trees about forty years 
old. 

The field station was in an open space of 10 or more acres, in which 
was the house of the forester. It was five miles southwest of Nancy. 
Bellefontaine was on the edge of the forest, about four miles northwest 
of Nancy. The field station was unenllivated land, devoted to nnr- 
series. It was in the bottom of a valley runuing northwest and south- 
east. Six miles northeast of Nancy was the station of Amance, near 
the summit of a hill, and surrounded by cuttivatcd lands, not entirely 
treeless, but devoid of forests. Observations were begun later at the 
agricultural station near Nancy. It was in the open fields about 
eleven miles from the forest of La Haye. There are only seven years 
of observations from this station, but eleven from the others. The 
mean annual precipitation at these stations is given in the accompany 
ing table: 
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The stations at Cinq-Franchtes and Amance are as comparable as 
stations can be made, and the forest precipitation proves to be abont 
7 inches greater than that of the open fields. Bellefontaine, on the 
edge of the forest, has an appreciably greater precipitation than Nancy. 
These stations were all under one direction, and their results may be 
considered as significant, especially as to the first and third, which are 
at the same elevation. The position of the second is unfortunately of 
such a character that its rainfall might be very sensibly affected. 

The rainfall at parallel pairs of field stations has been determined 
by a series of careful observations. These stations are always near 
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forests, and it will be of interest to compare tiieir results with those 
given for extensive regions near them bat without forests. Such a 
comparison is made in Dr. Lorey's handbook of forestry; in repro- 
ducing it the units of measurement are changed to feet and Inches. 
The stations are arranged in the order of their elevation above the 
sea. The averages for the larger regions are those published by Dove 
in 1871. 
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It aeems from this that, where the results at the stations near forests 
are compared with the general results in the section of country in 
which the station is situated, the forest station usually shows more 
rain&ll. Lintzel is exceptional, because near young trees on an exposed 



* Id regard to thisalattuD Dr. MUttricli bulatel^ published an intereating » 
vhich should correct the above lesolt, and would go far to show a noticeable infla' 
ODce of the growing forext cover npon laiarall. 

Thie station, situated in the Lnnebnrg heath, was begon to be planted to forest in 
1877, at the rate at first of 1,000 to 1,500 acres pet year, afterwards more slowly, and 
by this time over 8,000 acres have been planted to forest in that locality. Around 
the meteorological station a y onng forest of 10 to 12 years old, of pine and oak, has 
grown np. The station is placed in an open field of about 75 acres extent snr- 
tonnded bj the forest growth. The change of conditions iramediately around the 
station Lintiel, making Lintzel central for an area of about 25 square miles, is repre. 
sented as follows : 



Pefore reforestation : 

12 per cent field, meadow, etc 
85 per cent heath. 
3 per cei)t Qld fgrest. 



After reforestation : 

to per cent field, meadow, and water. 
lOper cent heath, roads and openings. 
80 per cent of forest. 



'Phere ^re itQw regujac meteorological observations fur nine years on hand. 
The raiitfal{ oliservations are compared with those from stations ontside of the 
foieat conditions, bat near enongh to Lintael to 1}e ^v^ilable for comparison in the 
J344i— So, 7^^ 
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Tiiere are, however, considerable variatious in the elevatioDS of the 
statious employed to get the average values given. 

following table ; the valaes hftving in both caaea baea eqaalited to eliminate iirega- 
Iftrities bj oalcalating the meana uf each three to four ^eaiB by the fotmala 
fa+ft, a+£h+e, b+Sa+d , etc. 



Table l.^EqualUed coIum of pradpitaUoit, in 


millimeta-i. 




Tmc. 


LfntHl. 


b™»„. 


Llntiel. 
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SI*. 7 
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"it 

(SX.S 
B50.0 


eu.2 


Pirttnl. 

61*. 7 


Frreml. 
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Table 3. — Bainfall al Linttel caloulated Mperutntage ofraiufcdl at eertai* placet. 
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The author ooncludee that if the inGreosing reforeatatian at Lintzel had no infln- 
eoce on the amount of rainfall, the figures for Lintzel Bhouid have been neiLrly in 
constant proportion to thoae for the other stationa, while from the percentage table 
it appears that with reference to neighboring statiouB the precipitation at Lintzel has 
increased with the increasing foreat growth. The differences in the last years are 
not so apparent, because the values conld not be properly equalized. It ia, however, 
undoubtedly proved thatatthebeginningofobservationa the rainfall at Lintzel was 
less than at any of the neighboring atntions and that subsequently it increased firotu 
year to year, until it was in excess of the other stations, except at Hamburg. 

Comparing the rainfall at Lintzel with that of the other stations, and calcnlating 
it aa percentage of the meanraiofaU of the latter, the followiDg aeries ia obtained: 

Tet cent. 



This constant increase, going hand in hand with the increase of forest cover i 
tent and height, leaves hardly any duiiht as to the close relation of the two ci 
tious.— B. E. r. 
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To eliminate this, compare the stations mentioned with other German 
stations of about the same elevation. For this purpose the rainfalls at 
192 stations given by Dr. van Bebber were used, and these and the 
previous ones were combined for each hundred meters. 



SlevtU'ina. 


M.:tera 

1-100. 


100-2^. 


300-400. 


«x.m 


„^ 


10(^1000. 




rage from forest Held atation 


Inche$. 
+ 0:3 






Incha. 

o«!o 
+ e.a 


iTKtit,. 
+ 111:9 


Inth-. 






+31.0 













Tiiis comparison throws some light not only on the amount of sur- 
plus over woods, but on the distribution of it. It increases rapidly 
with the elevation. For 328 feet (99.9 m.) or under, it is but 1 per cent; 
from this to 1,300 feet (396 m.) it is 7 to U per cent; between 1,950 
(694 m.) and 3,270 feet (692 m.) it is 19 per cent; between 2,270 (692 m.) 
and 2,628 feet (801 m.) it is li per cent; and above the last the enr- 
plus appears t« be 34 per cent, or the precipitation over forests is nearly 
doubled. 

It is easy to show that, in general, heavily wooded districts have a 
high rainfall, as compared with similar districts without forests. This 
is notably true in India, as shown by Dr. Brandis and others. It is 
enougb to say that the heaviest known rainfall occurs in one of the 
densest and most extensive known forests, that of the middle and 
lower Bralimaputra. But in all these cases it is more probable that 
the forest exists because of the raiufall, rather than vice versa. A 
case which is more favorable to the influence of forests on rainfall is 
given by Dr. Woeikoff, depending on the rainfall distribution on Java 
and Celebes. Java has extended and dense forests in the south and in 
the southwestern interior, while the north coiist has been largely defor- 
ested. The station Tjilatjap on the south coast is at a distance from 
mountains. Its annual rainfall is 182.3 inches (4,630.mm.). That for 
three stations on the north coast (Batavia, Tegal, and Samarang) is 
78.4 inches (1,991 mm.) or 43 per cent only. In this region the north 
side of the islands is the weather side for the northwest monsoons and 
should have, at least from December to March, more rain than the 
south side, because this wind descends to reach tlie latter. As a mat- 
ter of fact there falls in those months — 



or almost as much on the lee side as on the windward, while there 
should be very much leas on the latter. 
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Celebes, where tbere is no sacli detbieitiiig, gives the normal annnftl 
values : 
Celebes; 

Nutthem peninsula — wlndvard, 110.6 iucbes (^,809 mm.); lee, 65.1 inchra 

(1,399mm.) 
Southwestern peninsula — windward, 136.2 inches (3,458 mm.); lee, 100.0 inche* 
(2,540 mm.). 
West Central Java: 

Windward, 78.4 inches (1,991 mm.) ; lee, 182.3 inches (4,630 mm.) 

It appears that in Celebes the windward side lias a notably higher 
rainfall than the lee aide, while in Java it is reversed. Is this not due 
to the relative lack of forest growth on the north side of Javat Where 
forest growth exists the rainfall is higher, even there. For instance, 
at Lormadjang, in a densely wooded level area, the aunnal rainfall is 
73.7 inches (1,872 mm.), while at the two nearest stations on the same 
side it is only 46.9 inches (1,191 mm.). 

The literature of the historical treatment of this problem is very 
great, and the most extreme and absurd opinions can be fouud registered 
in it. It usually suffers under the objection, first of imperfect data at 
the beginning, and always under that of uncertainty as to the cause of 
any variation of rainfall which may be found. 

The argument founded on changes in regions mentioned by ancient 
writers deserves consideration only to point out its extreme unreliabil- 
ity. The condition of the countries in question at the beginning of the 
comparison is based on incidental references in the classics which are 
not only incomplete but which are usually in ambigaoas terms. The 
classical terms for forest have an extensive range of meaning, as will 
be seen by reference to any classical dictionary, greater thau'that of 
our word forest, which is used in law English to designate areas which 
now have no woods, and in some cases there is no evidence that they 
ever had any. 

Much more trustworthy are the more modern cases which depend on 
meteorological observations; but in these the earlier observations are 
not so trustworthy as to give assurance that any differences found are 
not the result of imperfect observations. The writer endeavored, some 
years ago, to show that along the parallels of latitude 40*^ and 42° in 
the Mississippi Valley the lines of higher rainfall were moving slowly 
westward with the advance of settlements, but it was abundantly 
shown that the sparsely scattered earlier observations were ijulte un- 
trostworthy. 

There is one further case, which is quoted by Br. Brandis, for India. 
In the part of the central provinces between the Nerbudda River and 
iNagpur and Bajpur, embracing a part of the Satpura range of moun- 
tains, much attention has been paid for several years to the care of the 
forests, and specially to protection against forest fires. In <M>nseQuence 
a large territory, \rJtJi scftttered tree growth or entirely treeless, has 
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been covered with a dense growth of young trees. Over this region the 
raiui'all haa been as follows, at the stations named: 
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From the ST-year series of observations at Kagpnr, and the 40.year 
series at Jubbulpore, on the north side of the Satpuras, it appears that 
the probable error of a 10-year series of observations is 5 per cent. 
Farther, it appears from the combination of rainfall observations in 
India that in 1876-1885 the rainfall was 0.66 inch (17 mm.) greater 
than in 1866-1875. 

If one half of the above difference be attributed to error and to a gen- 
eral increase of rainfall, there yet remains an appreciable addition which 
might be attributed to the growing forest. At least it may be taken 
as an indication which, combined with the results of observations above 
trees, makes a good presnmption that a forest does actually increase the 
rainfall by an appreciable percentage. It should be noted that the for- 
est firea practically ceased before 1865, and that at that date the forest 
growth had been Mrly started over small surfaces. By 1875 it had 
extended over a surface of about 1,000 square miles.* 

'NoTK. — It Heems appropriate in this connection to quote the following extract &om 
Mr. Fernow's aunnal report for 1888: 

"Blanford, who han recorded these observations in the above manner, adds that 
these resnlts, ^f theoLselyoB, are not proof absolute for the influence of forest preser- 
Tation, since possibly the earlier observationa were less reliable than the later, hnt 
that these obserrations may be considered as addenda to the acounulating signs of 
the existence of snoh influence on rainfall. 

"But even this method, which wonld class with my retail methods, although 
seemingly simple, before It can be admitted as conclnsive, must, as the writer says, 
be guarded by those special piecantious which are demanded by strict scientific 
inquiry. 

"The above figures were hailed with aatisfactioii by those who are bound to prove 
by statistics the foreat induence on rainfiill. 

"Unfortunately, aa this report goes to prms, their value is entirely vitiated by the 
following statetaenta made in the Indian Forester, January. 1889, which again ad- 
monishes ns to be carefHil in placing too much weight on statistics. 

"Hr. Blanford, in order to assure himself of the value of the rainfall returns he 
employed in tlie disoussion of the Central Provinces, wrote to the chief commissioner 
an the subject, to which the reply was received that ' the chief commissioner fears 
that these recorda of rainfall previous to 188.^ cannot be accepted as altogether reli- 
able.' The commisiouer explains the reasons why the records appear unreliable, and 

:, Google 
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The balance of vatera in forest regions ean not be made up nntil 
there is greater certaiot? as to the precipitation over forests. 

It has already been shown that the forest preserves a eoBsiderable 
proportion of the waters which reach its soiL This is due, for the 
most part, to its lensened evaporation, and tbis alone would accoaat 
for the moisture of forest soil, for the preservation of bodies of water, 
and of perennial springs in regions of dense forest. If the forest also 
condenses more moisture from the air, then the same effects would fol- 
low in regions more lightly clothed with woods. 

FORESTS, WIND, AND STORMS. 

There remain a few points of more or less interest, which have 
reiieived considerable discussion, but have not been the object of sys- 
tematic observation. Among these is the windbreak effect of tho 
p>rests. Like any other elevation above the snrface, the forest pro- 
tects from the wind objects which are in its lee, and, over a very much 
smaller area, those which are on its windward side. The outlines of 
the protected area are defined by the outlines of a snowbank before and 
behind a fence. A section is given in the accompanying figure, where 
A Bia the fence, W The snow to windward of it, L that to leeward. 
The windward protection is so small as not to deserve discussion in 
this connection. As to the leeward protection, the chief point of inter- 
est is tlie length of the line B <7 as compared with the height A B, or 

odtls : ' Hence one result of the nDsyntematic regifltration of the rain fall iu the Central 
Provinces is to postpone the decisiou of the influence of forests on rainfall in that 
area fot another twenty years. It ia only one of the mauj' caeeB of the worthless- 
ueBB of uneyetomatic observationB.' " 

It is of interest also to note the following front the same source : 
" In the following extract from the same report Mr. Eliot refers to the observations 
recently undertaken in tbe forests of the Saharanpoot district. For the reader un- 
acquainted "with the Western Himalayas it is necessary to explain that a rao is a 
water course issuing from tbe hills, and having, generally, a broad, shallow l>ed, 
which cousiste mainly of bowlders and shingle, and is therefore quite dry or almost 
dry, except after a continuous heavy shower. Mr. Eliot bas not mentioned that in 
each rao levels are accurately taken every year along one and the same line, in order 
to note the changes that may occur in the section of the mo in couaeqnence of the 
Are conservancy of the entire basin above. 

"X different method has been introduceil in the SaharanpooT forest division. 
Twelve representative rac«, between the Ganges and Jumna rivers, have been selected 
for purposes of observation by the inspector-general of forests and conservator of 
the sohool circle, and in each forest chowki a rain gitage is suitably placed. Five 
of them are located in tlie forest of Sakrauda, which is neither closed to grftziug nor 
protected from lire. The rainfall meaaurements will he made hy the forest guards, 
and the returns submitted to tho meteorological department for critical examina- 
tion. These observations will probably give a valuable series of data for testing 
the effect of dlfEerent forest conditions in modi^ing the amount of rainfall, and 
hence also probably throw some light on the general question of the influence of 
affotestatiou on rainiUL'' 
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tlieratioof the width of the protected strip to the heij;lit of the obstrnc- 
tion. M. Becqiierel says that in the Rhone Valley a hedge 2 meters 
(C feet) high will protect delicate garden plants to a distance of 22 
meters (70 feet). This is a ratio of 1 to 11, and this ratio is about that 
given in the following eases gleaned from Dr. Hough's report on fores- 
try for 1887. Judge Whiting, of Iowa, is qnoted aa saying that this 
protection, " with almost matliematlcal precision, amounts to 1 rod on 
the ground to each foot of height'' of the prote«;ting trees. This is a 
i-atio of 10 to 165. Mr. Barnard, of Pawnee County, Nebraska, stated 
that a windbreak wdl protect an orchard a rod for every foot in lieiglit, 
but Prof. Thomson wanted trees 25 feet high for every 10 rods of pro- 
tection. The two latter cases relate to orchards wfaich rise 10 or 20 
feet above the surface. A probable estimat* is that the forest creates a 
calm area on itsleewardside,whiehi8, at tlie ground, ten t<)fifh'en times 
as wide as the forest is higli. The protected area has the same relations 



to temperature that a glade has. The air is relatively stagnant, and 
temperatures rise higher in tlie direct sun's rays and fall lower on clear 
nights. Evaporation is also somewhat det^reased in this space, but its 
cliief advantage is found in the protection from injurious cold or dry 
winds. The rough surface of the forest must also decrease the velocity 
of the wind, with the result of affecting the character of a storm which 
passes over it, especially if the storm be small or local. Dr. Waldo 
has given two interesting cases where the results are due undoubtedly 
to several causes, one being the retarding effect on the wind of a sur- 
face of city buildings. At both New York and Boston there are three 
meteorological stations, one out in the harbor, the second in the city, 
the third fairly beyond the city (Central Park and Cambridge). The 
mean velocities at these three stations in order are, in percentages : 





Harbor. 


CitJ. 


Suburb,, 


New York 


1.M 


0.«7 

o.er 


0.33 





The reduction of the velocities as one goes inland through the city 
is remarkable, and something similiar may be expected for a wind pass- 
ing over a forest. 
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As the interior air of the forest ia generally cooler, in tlie warm sea- 
Ron, than tlie iiir outride, it iiiiiHt l>e iieavier, ftod the difi'erence of tem- 
perature must be often «> great that the heavier air will overcome the 
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obstacles to its dow and gradually pour out near the ground, i ts place 
will be takeo by the air above which will settle, and thus there may 
be set )ip a forest circulation, as represented ia the figure (Fig. 58) 




exactly corresponding to such a system of winds as is foond in land or 
sea breezes, or jnay be found over a lake at night. 
During clear nights the forest air ia generally warmer than that out- 




side. When this happens a reverse circulation might be set up. This 
circulation mast be slow, and though somewhat enlarged on by writers 
on the subject seems never to have been direetly observed. 

I C.oogic 
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INFLUENCE OF FOEESTS OH FOGS AND CLOUDS, 

The influence of forests on fogs and clouds ha» been frequentiy men- 
tioned, and observed in single cases, Ttie fog seems to linger in the 
woods after it has cleared off elsewhere. Trees also act as condens- 
ers,* as gatherers of dew, hoarfirost, and ice, and the latter phenome- 
non is especially remarkable in the so-called ice-stoniis, where the ac- 
cumulation is so great as to overload and break the larger limbs and 
branches. In these cases, however, the tree acts like inorganic bodies. 
This is illustrated by a celebrated case on the island of Ascension, the 
details of which are due to Prof. Cleveland Abbe, who in 1890 per- 
sonally inspected the phenomenon. This case is especially worth quot- 
ing because its records have been so badly understood. The principal 
water supply for the garrison of this naval station is gathered several 
miles away, at the summit of Green Mountain, the upper part of which 
has always been green with verdure since the island was discovered; 
almost all of this water comes from slight showers and steady dripping 
of trees enveloped in cloml-fog on the windward side of the mountain. 
Every exposed object contributes its drip; these do not condense the 
water, they simply collect it mechanically after it has been condensed 
in the uprising cooling air. Whatever fog-drops are not thus collected 
sweep on over the mountain and quickly evaporate again. Thirty years 
ago or more efforts were made to plant a few trees in the arid spot at 
the garrison lauding; none survived, bat some few new shrubs were 
added to the flora of the mountain top; extensive additions were also 
made to the mountain reservoirs and drip collectors and pipes of the 
aqueduct system. The few artificial scrubby plants have had no influ- 
ence whatever in increasing the water supply. 

INFLUBNCB OF FORESTS ON HAILSTORMS AND BLIZZABD8. 

M. Becquerel found, by a careful study of the destructive hailstorms 
in some of the departments of Central France, that these storms show 
a marked disinclination to enter forests. On the maps of the depart- 
ments studied by him he has marked the severe storms by spots of color. 
A glance at the maps shows how persistently the colors keep outside 
the forests, especially the larger ones. To controvert these views, 
cases of hailstorms in forests have frequently been pointed out, but the 
question is not of absolute but of relative immunity of forests from 
severe hailstorms, and that these cases do not affect. The subject re- 
mains where it was left by M. Becquerel. It still appears proven that 
in Central France hailstorms avoid forests. 

Many other relations of forests to storms have been suspected and 
advocated. For instance, that the storm precipitation is more intense 



■ See p. 121 of this bulletin. 
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over prairies, that tlie lieavy winilstorma — such as blizzards — do not 
long survive the traverse across a forest area, etc., bnt these relations 
still remain in the condition of hypotheses only. Forests also bave 
broad and important relations to the flow of water on the surface, to 
the protection of movable soils, and to many other features of practical 
imiwrtance. These areiuatters for discussion by engineers rather thaii 
by meteorologists. 
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By B. E. Fernow. 



THE TOTAL WATEB SUPPLY. 

The water capital of the earth consists of two parts, the fixed capital 
aud the circulating capital. The first is represented not only in the 
waters on the earth, but also by the amount of water which remains 
suspended in tbe atmosphere, being part of the original atmoepherio 
water masses which, after the rest had fallen to the cooled earth, re- 
mained suspended and is never precipitated. 

The circulatiug water capital is that part which is evaporated from 
water surfaces, from the soil, from vegetatiou, and which, after" having 
temporarily been held by the atmosphere in qnantities locally varying 
according to tbe variations in temperature, is returned again to the 
earth by precipitation in rain, snow, and dew. There it is evaporated 
again, either immediately or after having percolated through the soil 
aud been retaiued for a shorter or longer time before being returned to 
the surfa<%, or, without such percolation, it runs through open chan- 
nels to the rivers and seas, continually returning in part into the 
atmosphere by evaporation. Practically, then, the total amount of 
water capital remains constant; only one part of it — tbe circulating cap- 
ital — changes in varying quantities its location, and is of interest to us 
more with reference to its local distribution and tbe channels by which 
it becomes available for human use and vegetation than with reference 
to its practically unchanged total quantity. 

As to the amount of this circulating water capital we have very 
imperfect knowledge; in many cases an approximate estimate of the 
amount circulating in any given area can not be satisfactorily made 
with tbe means of measurement at command, for often the precipitation 
is 80 unevenly distribnted, as in the ease of local thunderstorms, that 
two rain gauges a short distance apart collect varying amounts; hence 
a record from one gauge alone would give a very erroneous idea of the 
rainfall over the entire area. Furthermore, when improperly situated 
or exposed to high winds a rain gauge may furnish quite inaccurate 
records, and in the majority of cases the amounts collected by tbe 
gauge will be insufdcient. (See Prof. Abbe's paper in this bulletin.) 
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A singular illnatration of these errors is presented in a hydrograpliic 
iDTesti^iitioii of the river BhoneaoditswaterHhed. While the amount 
of animal discharge of the river corresponds to a rainfall of 44 inches 
over the watershed, the rainfall records themselves for a certain period 
gave a precipitation of only 27,6 inches. Even the close estimate of 
the waters of the upper Elbe, according to which they drain one-fourth 
of the total rainfall, calculated by the ingenious methods of Prof. Stud- 
nicka, does not inspire confidence. The attempts of the U. S. Weather 
Bureau to relate river stages to rain&ll measurements have also bo far 
failed to yield satisfactory results. Again, much of the moisture which 
is condensed and precipitated in dews escapes our observation, or at 
least our measurements, entirely ; * this is, however, so small a quantity 
that it may be neglected in its relation to the total precipitation. 

Late investigations have brought convincing proof not only that the 
amount of dew is much smaller than was supposed, but also that the 
larger part of the deposit is derived from the moisture of the soil and 
not from that of the atmosphere; that, therefore, dew formation in 
many cases can not be considered an additional water supply, but 
rather an element of dissipation. While G. Dines et^culated the 
annual amount of dew at best equivalent to 38 mm. rainfall as against 
127 mm. as formerly estimated for England, Wollny, upon carefiil 
measurements, calculated it for Munich at 28 to 32 mm. or less than 3^ 
per cent of the total rainfall. The theories regarding dew formation, 
according to which the moisture is deposited from the atmosphere in a 
manner corresponding to the familiar phenomenon on the ice pitcher, 
which was first antagonized in 1833 by (Jerster and later by others 
among whom onr countryman, Stockbridge, seem in part at leaat incom- 
plete and needing revision. 

The distribution of the circulating water capital is infiaenced by 
various agencies. The main factor which sets the capital afloat is the 
sun, which, by its heat and the air currents caused by it, produces the 
evaporation which fills the atmosphere with vapor. Anything, there- 
fore, that influences the intensity of insolation or obstructs the passage 
of winds must influence the local distribution of the water capital, and 
hence a forest cover, which withdraws a portion of the soil &om the 

'A few experimente on condensation of aqueous yapor made b; L. Hampel with 

forest tree leaves are of interest : 



Anstrianpine (4 needles) condensed per day in tlie average 4.84 

Lhiden (one InafJ condensed per da; in the average .. 24.40 

Oak (one leaf) condenaed per day in tlio average -. 25.56 

Spruce (a branchlet) condensed per day in the average 9.80 

The linden, of which one leaf condensed 24.40 centigituns of dew, had 1,763 leaVM. 
It would, therefore, if all leaves had done the same, which ia to be sure not the 
case, have condensed 430 grams (nearly I ponnd). 

On grass the amonnt of dew per year was found by G. Dines tobeSTmillimeteTs; 
i, e., if collected an amonnt corresponding to 27 millimeters (otbt 1 loch) height of 
water would have resulted. 
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infloence of ano and wind, must have an inflnence, however small, on 
tbe local water conditions, which may or may not become appreciable 
in haman economy. 

The qaestion of forest indnence on water sapplies may be considered 
onder three heads, namely: (1) Induence upon precipitation or upon 
the distribution of atmospheric water; (2) influence upon the disposal 
and conservation of available water supplies; (3) influence upon the 
"run-off" or the distribution of terrestrial waters. 

INFLTTENCE OF FORESTS UPON PBECIPITATION. 

The question whether forest cover has or hiis not an inflnence upon 
the quantity of rain or snow that will fall over a given area is discussed 
at length on pp. 111-117 of this bulletin and also upon additional 
data in my annnal report for 188S. It may snfBce, therefore, to state 
only the conclusions wliich may fairly be drawn from oar present 
knowledge and experience : 

(1) Finding the air strata above forest stations moister and cooler, 
althongh only slightly so, than over field stations, we woald infer that 
the tenden*^ to condensation over wooded areas might be greater than 
over open fields. Experience and measurements seem to sustain this 
reasoning. 

(2) These cooler and relatively as well as absolutely moister air strata 
carried away by air currents must modify conditions near the forest 
and possibly increase in its neighborhood also the tendency to forma- 
tion of dew and to other precipitation under certain conditions. 

(3) While the forest may not everywhere increase precipitation over 
its own area and near it, yet the presumption is that large systems of 
forest growth over extensive areas alternating with open fields may 
establish sufficient differences in temperature and moisture conditions 
and in air currents to modify, if not in quantity yet in timely and 
local distribution, the fall. 

(4) It must not be overlooked that the extent, density, height, and 
composition, aad relative position of the forest in making it a climatic 
factor are important conditions, and furthermore that there are certain 
raiu conditions prevailing in climatic zones {rainy or rain-poor locali- 
ties, with periodical, seasonal, or irregular rains) which are due to cosmic 
influences and can not be altered, yet maybe locally modified by forest 
cover. Hence experience in one climatic zone or under one set of con- 
ditions Ciui not be utilized for deductions in another. 

(5) Altogether the question of appreciable forest influence upon pre- 
cipitation must he considered as still unsolved, with some indications, 
however, of its existence under certain climatic and topographical con- 
ditions in the temperate zone, especially toward the end of winter and 
beginning of spring. 

As one of tbe most striking examples of an increase of precipitation, 
Beemingly due to forest planting, the experience at Lintzel, on tUe Iiiine- 
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burg heath, mny bo i-evalletl, vbere, with a definite increase in forest 
conditions over an area of 25 square milea, a regular definite increaae 
in rainfall beyond that of neighboring stations to the extent of 22 per 
cent within eix yeiirs was observed, and a change from a deflcieBcy to 
a considerable excess over the rainfall of these other stations. 



The following observations were made at two stations in the ndghbor- 
hood of Nancy, France. The instruments and their disposition were 
identical at the different stations. A is a forest station; G, a field sta- 
tion; B is on the verge of the forest and at a lower level. The follow- 
ing table gives the amonnt of riiiiifall in centimeters for the seven 
years 1867, 186$, and 1872, 1873, 1874, 1875, and 1876: 
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RBSUI.18 OBTAINED IX HOHBHU. 

It may also be appropriate here to recall the method by which Dr. 
Studuicka tried to establish the influence of forest areas upon the dis- 
tribution of rainfall, an account of which I reproduce here from my 
report for 1888: 

The liit«st, most valuable Boientifio work which has been done to decide the impor- 
tant hut difficult queatiou of the influence of foreata on precipitatiou is the wort of 
Dr. F. J. Studuicka, profesaor of matliematiCB nt the Uiiivoraity of Prague, published 
undor the title, " RaeXe for a Hyetography of Bohemia," iu which the results of 
ni.iijy years of observation at seven liundred ombromotiic stations arc embodied, criti- 
oully sifted, aud scientifically considered. The author em giloys a wholesale method 
which is quite novel, complying with Woeikotf 's idea that it is necesaory to reduce 
the observed data to a common basis for compariaun. To uuderstand the significance 
of these observations an inspection of the map of Buhemia will be desirable, which 
shows it to be a basin surrounded on all sid^s by high mountains. 

The work of ombrometric observations, aithciogli begun in Bohemia during the 
last century, was newly organized in 1879 or 1880, when a systematic net of ombro- 
metrio stations was instituted, aud in 1885 and 1886 It was extended to over seven 
hundred stations, for the purpose of obtaining accurate data of the quantity and 
distribution of precipitation over the Kingdom. Uniform ombrometers- were used 
and very carefully placed. As at present organized, there is one station foi every 75 
square kilometers (about 30 square miles). No other country, I believe, can boast 
such a service. Although the time of observation at moat stations has been short, 
and the averages would have tieen more accurately represented by an extension of 
observations for ten to twelve years, yet the last four yeore of obsocvations, foi which 
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all stations furnish data, according to tbe author, represent two extreme and two 
average years, and are therefore qnite useful. 

The very largo niusH of material permitted a sifting ont of doubtful obaeivations 
witlioat impairing the number of avaUable ones for tbe coaatiuction of a raiu map 
of Bohemia, showing hy isohyetal lines seven rain-belts ot zones; tbe zones are 
arranged so that the lowest shows less than 500 mm. rainfall, the three following 
differ by 100 mm. each, the fifth and sixth by 200 nun. .and the seventh by 300 mm.; 
the last showing, therefore, a rainfall of 1,200 to 1,BOO mm. 

The central basin divides itself into two halves by a line from north to south, 
ruDalDK somewhat east of the middle Moldau, crossing the Klba near the mouth of 
thelser, and following the latter river; thewestemhalfshowing thesmalleramonnt 
of precipitation, namely, 600 to 600mm. ; the eastern with 600 to TOO mm., continuing 
in a small belt along the foot of the Erzgebirge and the Boehmeiwidd euoircling the 
first zone. 

The other isobyetal lines do not embrace continuous areas, but follow in small 
belts the trend of the mountains. The largest amounts of precipitation are fomnd in 
belts or islands in the higher altitudes of the mountains which surround this great 
basin. The continuity of tbe zones is much interrupted, so that it would he dif^oult 
to desorilw them without a map. 

The maximum of rainfall, with over 1,S00 mm., is observed in tbe south, near the 
BouTcea of the Moldau and Motawa ; in the north, near the sources of the Elbe, Iser, 
and Aupa, on the range of the Schneekoppe. In regard to the distribution throngli 
the months, the experience has been confirmed that with increasing absolute height 
the winter precipitatiou increases in greater proportion than the summer precipita- 
tion, while those of spring and autumn are nearly equal. 

Sufficient material was on band from which to calculate the influence of altitude 
on the increase of precipitations, althoiigh for altitudes above 500 m. the material 
is not considered sufficiently reliable. Tet the general law is well shown that with . 
the altitude the quantities of precipitation increase in a retarded piogreesion. 
This progrossion is calculated by forming altitude zones fWim 100 to 1000 m., group- 
ing tbe stations in each, calculating the mean elevation and also the mean annual 
precipitation as observed for each class ; then by dividing the difference of precipi- 
tation in the neighboring two zones by the difference of altitude the amount of 
precipitatiou which corresponds to ea«h 1 m. elevation within that class is found. 
With this figure the average amount of rainfall which theoretically belongs to each 
station according to its absolute elevation can be approximated by adding to or sub- 
tracting ftom the mean precipitations of the class as many times this amount as the 
actual altitude differs from the mean. 

An example will make this clear: Teteohen, for instance, is sitnated 150 m. above 
sea level. According to the table the average elevation of thirteen stations of the 
lowest zone, to which Tetecben belongs, is 182 m., with an average precipitation of 
506 mm. Now, Tetechen has an elevation 32 m. lower than the average; its normal 
rainfall shonid tlierefore be 33 X 0.79 ^^ 25.4 mm. less than the mean of tbe class; 
hence, theoretically, according to its altitude, the quantity of rainfall for Tetschen 
should be 506 — 2S.4 = 480 mm. ; that is 248 mm. loss than that actually found in an 
eight years' average. By using the figures for the two extreme zones and dividing 
by 100 tbe mean increase of precipitatiou for every 100 m. elevation is found to be 
69 mm. 

And now comes the application of this method to oor proposition. The auQior 
argues that if the actually observed raioEsll differs considerably from the theoret- 
ic^ly determined, this is an indication that special agencies areat work. He finds 
now that of the one hundred and eighty-six stations which he subjects to scrutiny 
(these offering the longest and most tmstworthy gbs^vation), forty-eigtat show a 
considerable difference between the observed and the theoretically expected rain- 
fall, and he finds also that these stations are situated in tlie most densely wooded 
portione of the Kingdom, 
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The Increased rainfall on tbe forty-eiglit stations is so considerable -that a snffi- 
cient quantity ma; witliont lusiog signlficauce be ascribed to other local cansea, aa, 
for instance, beight aiid form of a moantaiu range in front or back, etc. Beaides, 
the greater amounts of rainfall at these stations bave been used in calculating the 
averages for tbe altitade zones, magnifying, tberefoTe, these averages so that the 
actually observed one appears really smaller than if the quantities from deforeeted 
and forest areas are compared. 

Expressed in percentages of the height of precipitation, an increased rainfall la 
shown for several localities in very large quantities, which will allow considerable 
redactions for other ioflnences without losing their signiScanc* for tbe main proposi- 
tion. Especially important appears tbe fact relating to two stations near the rain 
minimum, which also ebowe this influence of the forest. 

Lastly, as a matter of inteteet I may state that the water balance is drawn for the 
whole Kingdom, whloh is of special value, because tbe political boundaries coincide 
with those of tbe upper Elbe watershed; therefore it ia easy to determine how 
much of the yearly rainfall is removed by the natural water courses. According to 
tbe calculations made for the various zones by addition, tbe total precipitation 
upon the area of 51,955.98 square kilometers (about 20,000, square miles) of the 
Kingdom is fonnd to be 35,398,670 cnbic meters, of which the Elbe carries about one- 
fourth, or S,849,667 c. m., to the sea. This figoie represents a mean rainfiill for the 
whole country of 681 mm., while tbe mean of observation is 693 mm. 



KBSULTB OP OBSERVATIONS 1 



t AND BBAZII,. 



The following inteiestiDg observations shoir the remarkable in- 
fluence of forest areas in tropical and subtropical countries (Annual 
Report, 1889). Conditions in India are exhibited in the following table : 

Inflnerme of forest areai on rainfall in India. 
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A glance at this table will show that the pretence of viooda hru afar greater infl«e«i» 
inmitigaling the leiaperalure ^tiHag the hot and dry monlht of jfprit and May than the 
prmcimitj of tke sea. The mme i« true of the relaiire ksmidits, especially at Sibsagar, 
». e., in tke middle of the forexts. Moat striking it the effect of the pretence oftcoodt in 
the diminution of tke extreme maxima. Tke greater or leti pronimity of the tea hat but 
little effect, but aa toon at tee reach the wooded region tke extreme maximum falls 9 de- 
greet. Thue in 1875 the maximum thermometer did not rise above 35.3 degrees at 
Goalpara, while at Lnoknow there was not a single day from March 14 to June 23 
on which a higher temperature bad not been observed, Tbe great bumiditj of the 
air even during the hot aud dry months of Aprjl and May is the cause why, in tbe 
forests, the raiUB begin early iq Ma^cb ^nd gradually increase ji^ iqtensity itnti) 
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June or Jnly, while in the wooilless plaiaa of the Ganges the lunonnt of rainfall 
suddenly increaaea ih>ni Hay to June or from June t« July. 

The Amaxon ba^n. — At the present time there are in the baain of the Amazon foni 
stations where obseTvations are made; this river basin ia the moat extensive forest 
region on the earth. The middle and upper portion of the course uf the Amazon is 
over 1,000 hllometers distant from the Atlantic Ocean, while it ia separated by 
monntaina f^om the Pacific. Were it not for the forests we ought to expect, at this 
distance from the aea and so near the equator, very liigb temperatuiea and great 
dryness. The following table shows the results of the obaervationa: 
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• Ten months, from Oriobor to July. 

t l^orouDbuco doea not belnng to the Amazon huln; Ita means are only rlTen for oompaiiaon vJth 
thoBO of San Antonio. The shore line near teniAmbaco ia noodod but a certain dislance aroand the 
city the furests are out down lo eive way to fluids and Bugarcaiie pUutatione. 

Thus, owing to the vast primeval foreata on the Upper Amazon and ite tributaries, 
thetemperatureof the hottest month and the extreme masimiun are not greater than 
on the seacoaat, and the extreme mniimum ia far from reaching the valnea some- 
times obserred in middle latitades. II is also to be observed that there are few re- 
gions on the earth where the "Trades" blow with aach violence aa on the coasts of 
northern Brazil. Pernambuco is therefore subject not only to the inDuence of the 
aea but also to that of a furious trade wind. Along the lower coarse of the Ama- 
zon the "Trade" also blows with great force; but as soon as we turn ioto the side 
Talley of one of the tributaries running in a southerly and northerly direction calm 
weather is found to prevail. The height and density oi the forest arrests the wind. 
There can be no doubt that the vast tracts of forest land on the Amazon, contribut- 
ing to maintain the moisture of the air and weaken its motion, increase the amount 
of waterfall. At Iquitos 284 centimeters fall in the course of the year. It must be 
remembered that Iquitos lies in a plain 2,100kilometers from the ocean and 350 from 
the mountains. Nowhere on the earth ia the rainfall ao great under similar circum- 
stances. 

BUFFOSBD INVLUBNCB OF FORESTS UPON HAILSTORMS. 

In this connection the claimed influence of forest areas npon hail- 
storms may be discussed. While in France the conclusion was reached 
that sach influence existed, it is doubted by A. Biihler (Influence of 
topography and forests on frequency of hailstorms, 1890), who discusses 
this question on the strength of observations over the whole Kingdom 
of Wartemberg through sisty years (lS28-'87) in great detail. An in- 
fluence either upon the frequency, intensity, or course of hailstorms, it 
seems, could not be established. 

There is, however, in these statistics and the conclusions to be de- 
rived therefrom one factor, that must not be oveilooked, and which the 
12Ui—So. 7 9 
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able author does not fail to observe. Jt is tlie fact that these obser- 
vations refer to a monntutiious region throughout. That means that the 
influence which the forest areas might exercise in the distribution of 
hailstorms is vitiated or wiped out by the more potent influence of 
slope and elevation. It is, therefore, impossible U> study the isolated 
forest inflaeuee id such regions where other known but quantitatively 
undetermined disturbing influences must be discounted. For such 
studies the plain otters a more satisfactory tleld. The forest on hilly 
or mountainouB terrain is never effective by itself; it could, therefore, 
here oidy be the ynestion whether it plays a determinative or only a 
subordinate part. The forest besides is not like hiU and mountain, a 
constant and evenly eflective factor, since its condition and in most 
cases its area is constantly changing. The author also recognizes the 
fact that his material does not permit the discussion of the practically im- 
portant question, whether and why, as is often observed, hailclouds will 
pass by single fields or confined areas within the general route of the 
storm. The careful observations of the route and extent of a hailstorm 
on June 6, 1891, in Thurgau, Switzerland, recorded in Meteorologische 
Zeitschrift, 1891, p. 103, would also show that at least in this case, in 
mountainous regions and with ext-raordinarily violent hailstorms, no 
effect of forest distribution was noticeable. The writer would recall 
here a case of his own observation on the North German plain, where 
the farm of one of his relatives of 5,000 acres is on three sides sur- 
rounded by forest areas of cousiderable extent. The owner for a long 
series of years has had no damage from hail, while his neighbor, only 
one mile outside of this forest-inclosed district, reaps the benefit of his 
hail- insurance money every other year. 

INFLUENCE OF FORESTS UPON THE DISPOSITION OP THE WATER 
SUPPLY. 

In analyzing the relation of forests to the conservation of the water 
supplies, we shall examine first the factors of dissipation, or those 
which diminish the available siipply. They are represented in the 
quantity of water which is prevented by interception from reaching 
the ground, in the quantity dissipated by evaporation, in the quan- 
tity used by plants in their growth, and in transpiration during the 
process of growing. 

Interception. 

The amount of rainfall and snow which is prevented by a forest 
growth from reaching the soil varies considerably according to the 
nature of the precipitation and the kind of trees which form the forest 
as well as the density and age of the growth. 

A light drizzling rain of short duration may be almost entirely inter 
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cepted by the foliage and at once returuecl to the atmosphere by evap- 
oration; if, howevei', the raia continues, although fine, the water will 
run off at last from the foliage and along the trunks. And this amount, 
of -which the rain-gauge takes no account, represents, according to 
measurements from the Austrian stations, from 8 to 11 per cent, thus 
reducing considerably the loss to the soil by interception. 

While the careful measurements at the Swiss stations in a twelve 
years' average show the interception in a larch forest as 15 per cent, in 
a spruce forest 23 per cent, in a beech growth 10 per cent, the figures 
for the Prussian stations are for beech growth 24 per cent, for spruce 
at various stations 22 per cent, 27 per cent, and 34 per cent, lespectively. 
Altogether, for the rainfall conditions of the countries cited, a dense 
forest growth will, on the average, intercept 23 per cent of the precipi- 
tation ; but if allowance be made for the water running down the trunks, 
this loss is reduced to not more than 12 per cent.* (See page 100 of this 
bulletin.) 

According to A, Matthieu's observations during eleven years at Cinq- 
Fmneh^e8(M6tj5orologie compar^e agricole et forestifete, 1878), only 8.5 
I>er cent were retained by crowns (5,84 per cent in winter, 11 per cent 
in summer). The more exact observations of Ricgler are compiled aa 
follows : 
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The results for spruce become vitiated by the fact that large amounts 
of water run off from the tips of. the branches, which have an inclina- 
tion away from the trunk, and which could not be measured. 

The intensity of the precipitation aud the condition of foliage have 
much to do with the amounts reaching the soil, so that sometimes prac- 
tically all the rain reaches it and sometimes hardly any. 

The amount of interception in the open growths which characterize 

'The masimum raiufall observed in Germany 1^4 iuobce in tircnty-fonr hours and 
2 iuehea in one tiour. In Switzerland tlicre lias been recorded a rainfall of 18 inches 
in twenty-fonr hours, and 2^ inches iu three-ijuarters of aa hour. Tliia would equal 
5,000 gallons per aci«. Of snoh falls the foliage will retain only an inappreciable 
ADiouut. Intensity of rainfall in the Uuited States becomes clear from a few records : 
PatersoD, N. J., 1-^ inches in eight minntea ; Sandy Spring, Md., 5 inches in two and 
one-hftlf honrs[ Clear Creek, Kebr., 4,50 inches in one hour and twenty-seven min- 
utes; Castrovilio, Tex., 5.80 inches iu twenty -fonr hours; Ellsworth, N. C, 13 inches, 
of which 9 inches iu three and one-half hours ; and raiufalls from 1| to 4 inches per 
twenty -fonr hours are quite frequently reported in almost every mouth, especially iu 
the Weitem States. 
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many of our weatem forest areas would be considerably smaller, es- 
pecially as the rains usually fall with great force, and much of the pre- 
cipitation is in the form of snow. Although branches and foliage catch 
a goodly amount of this the winds usually shake it down, and conse- 
quently but very little snow is lost to the ground by interception of the 
foliage. 

There is also a certain amount of water intercepted by the soil cover 
and held baek by the soil itself, which must be saturated before any of 
it can run off or drain away. This amount, a part of which is eventually 
dissipated by evaporation and transpiration, depends, of course, upon 
the nature of the soil and its cover, especially upon their capacity to 
absorb and retain water. 

Altogether an appreciable amount of the precipitation does not run 
off or drain through the forest cover but is retained by it; yet while this 
is apparently a loss, we shall see fiirtber on that this moisture retained . 
in the upper stratafulfills an important officeincheckingamuch greater 
loss due to evaporation, and thus becomes an element of conservation. 

Evaporation. 

The loss by evaporation, after the water has reached the ground, de- 
pends in the first place upon the amount of direct insolation of the soil, 
and hence its temperature, which again influences the temperature of 
the air. The nature of the soil cover, the absolute amount of moisture 
in the atmosphere, and the circulation of the air are also factors deter- 
mining the rate of evaporation. 

A considerable amount of expeiimental data is available showing 
the rate and total quantity of evaporation in different climates and at 
different seasons. Recent observations made by the U, S. Signal 
Service and the Geological Survey show that the evaporation from a 
water surface on the western plains and plateaus of the United States 
may amount to from 50 to 80 inches, and in special localities to even 
100 inches, in a year, while the rainfall {diminishiug in reverse ratio) 
over this area is from 30 to 12 inches and less. Thus iu Denver, where 
the maximum annual precipitation may reach 20 inches, the estimated 
evaporation from a water surface during one year was 69 inches. 

These experiments, made by the Signal Service and the Geological 
Survey, have thus far referred only to the rate of evaporation from 
water surfaces ; the much more difficult question of the rate of evapora- 
tion from soil surfaces has been the subject of tentative experiment, 
but as yet without such results as can here be generalized. 

If the loss by evaporation from an open field be compared with that 
of a forest- covered ground, it will, as a matter of course, be found to 
be less in the latter case, for the shade not only reduces the influence 
of the sun upon the soil, but also keeps the air under its cover relatively 
moister, therefore less capable of absorbing moisture from the soil by 
evaporation. In addition, the circulation of the air is impeded be- 
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tween the tnioks, and tliis influence upon available water supply, the 
wind-breaking potcer of the forest, must be considered aa among the 
most inifiortant factors of water preservation. Especially is this the 
case on the Western plains and on those Western mountain ranges bear- 
ing only a scattered tree growth and where, therefore, the influence of 
shade is but nominal. 

The evaporation under the influence of the wind is dependent not 
only on its dryness, but also on its velocity, which being impeded, the 
rate of evaporation is reduced- 
Interesting experiments for the purpose of ascertaining the changes 
in the rate of evaporation eflected by tie velocity of the wind were 
made by the Signal Service in 1887. Tlie result of these experiments 
(made with Piche's hygrometers whirled around on an arm 28 feet in 
length, the results of which were compared with those from a tin dish 
containing 40 cubic centimeters of water exposed uuder shelter) show 
that with the temperature of the air at 84 degrees and a relative ba- 
midity of 50 per cent., evaporation at 5 miles an hour was 2.2 times 
greater than in a calm; at 10 miles, 3.8; at 15 miles, 4.9; at 20 miles, 
5.7; at 25 miles, 6.1, and at 30 miles the wind would evaporate 6.3 
times as much water aa a calm atmosphere of the same temperature 
and humidity. 

TSow, if it is considered that the average velocity of the winds which 
constantly sweep the West«rn subarid and arid plains ia from 10 to 15 
miles, not rarely attaining a maximum of 50 and more miles, the cause 
of the aridity is not far to seek and the function of the timber-belt or 
even simple windbreak can be readily appreciated. 

What the possibilities of evaporation from hot and dry winds may 
he, can be learned from statements regarding the "Poehn," which is 
the hot wind of Switzerland, corresponding to the "ehinook" of our 
Western country. 

The change in temperature from the normal, experienced under the 
influence of the Foehn, has been noted as from 28° to 31^ F. and a re- 
duction of relative humidity of 58 per cent. A Foehn of twelve hours' 
duration has been known to "eat up" entirely a snow cover of 2J feet 
deep. 

In Denver a ehinook has been known to induce a rise in temperature 
of 570 F, in twenty-four hours (of which 36° in five minutes) while the 
relative humidity sank from 100 to 21 per cent. 

The degree of forest influence upon rate of evaporation by breaking 
theforce of winds is dependent upon the extent and density of the 
forest, and especially on the height of the trees. For according to 
an elementary law of mechanics the influence which breaks the force 
of the wind is felt at a considerable elevation above the trees. This 
can be practically demonstrated by passing along a timber plantation 
on the wind-swept plains. Even a thin stand of young trees not 
higher than 5 feet will absolutely calm the air to a considerable dis- 
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tance and lieiglit beyond the shelter. ITnfortanately no accurate ex- 
perimental datii concerning this inflnence are at hand. According to 
Becqnerel, aBimple hedge l> feet in height will give protectkoi for a dis- 
tance of 70 feet; and, according to Hardy, n belt of trees every 300 feet 
will defend vegetation almost entirely against the action of the wind. 
Another authority finds for every foot in height 1 rod in distance pro- 
tected. (See also p. 149 of this bulletin.) 

From many reports received in this office on the effects of windbreaks 
upon agricultural crops, we may quote one from a farmer in Illinois, 
which expresses the observations generally made: 

My eiperieuce ia that uow in cold and atorm; winters wheat protected by timber 
belts yields full cro(«, while fields not protected yield only one-third of a crop. 
Twenty -five or thirty years ago we never had any wheat killed by winter ftost, and 
ererj- year a Full crop of peaches, whicli is now very rare. At that time we had 
plenty of timber around onr Gelds and orchards, now cleared away. 

The damage done to crops by the cold, dry winter winds is mainly 
due to rapid evaporation, and plants are liable to suffer as much by 
winter aa by summer drought. 

This is certain, that since summer and winter drought, i, e., rapid 
evaporation, due to the continuous dry winds, is the bane of the farmer 
on the plains, rationally disposed timber helts alone will do much to 
increase available water supply by reducing evaporation. 

How the foreit cover, and especially the litter of a well-kept forest, 
may decrease the amount of evaporation within the forest to nearly 
seven-cj tilths of that in the open has been discussed on page 99 of this 
bulletin. The reason for this important influence of the forest is due 
not only to the impeded air circulation, but also to the temperature and 
moistui'e conditions of the forest air and forest soil. 

The stations of Prussia allow the following average for evaporation; 
the amount evaporated in the open fallow field being called 100: 





SK 


Ketained 




Per eeal. 
00.3 


Ptretnl. 

9.7 











A balance calculation of the nniomits of precipitation and the amounts 
lost by evaporation for sixteen stations at varying elevations shows 
that with increasing altitude the surplus of water remaining for the soil 
increases, the mountain forest decreasing evaporation to its minimum 
of 9 to 13 per cent, and leaving from 87 to 91 per cent to penetrate the 
soil." 

1 page 101, where the water rnnning 
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Altogether, it will have to be admitted that tlie factor of diasipation 
represented in the evaporation from the ground is (^onaiderably reduced 
by the foreat-eover; and since the rate of evaporation in our Western 
Territories is probably the greatest element in the dissipation of mois- 
tnre, the greatest attention to checking it will be necessary in the hus- 
banding of water supplies. This check to evaporation refers not only 
to the preservation of the water supply where it falls, but also in the 
natural and artificial channels through which it may be conducted or 
in the reservoirs where it may be stored. 

The surface exposed determines tlie amount of evaporation from 
water- courses and reservoirs; but if the amount evaporated is related 
io the available volume of wat«r, it will appear that the smaller and 
slower run loses proportionately more than the larger, which thus es- 
Bibits the value and protective character of accumulation. 

Take a brook 6 feet in width and only a foot in depth ; this for a 
length of 30 feet would contain 180 cubic feet of water. If from this 
surface only onet«nth of 1 inch evaporates, the amount evaporated is 
equal to 1.5 cubic tieet or ji^ *>f the entire supply. On the other hand 
one-tenth of I inch evaporation from a river 60 feet broad and 12 feet 
deep for a length of 30 feet, containing therefore 21,600 cubic feet of 
water, would bring the loss to 15 cubic feet or only 1^5 of the avail- 
able supplies; the loss, in proportioQ to the supply, being twelve timea 
greater iu tbe former case. 
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TravipiralioN. 

All vegetation takes up a certain amount of water, a part of which 
is consumed in building up its body, and a still larger part returned to 
tlie atmosphere by transpiration during the process of growth. 

The factor of dissipation having been fiiUy discussed on pp. 96, 1.30 of 
this bulletin, it need not be further cousidered here, except to recall the 
conclusion that forest growth transpires considerably less than other 
kinds of vegetation. 

Since this water is given oflf again to the atmosphere in the locality 
where it has fallen — thus enriching the atmospheric moisture— and is 
therefore only diverted temporarily for the purpose of doing duty in 
producing useful substance and retaining it in the locality where it has 
fallen for a longer time, transpiration may even be considered as an 
element of conservation. 

There is still to be considered a certain amount of moisture which is 
retained and stored up in the body of the plant, partly as a necessary 
permanent constituent, partly as a temporary constituent, being evap- 
orated when the plant dies or the wood is seasoned. The amounts thus 
retained vary considerably according to age, capacity for transpiration, 
site, soil, climate, density, slow or rapid growth, weather, seasons, and 
even the time of the day. It is therefore almost impossible to give 
anything but very rough approximations, especially as also thedififer- 
ent parts of the tree vary considerably io the amounts of water 
present. 

The water which eaters into chemical composition of the wood substance repre- 
sents ahout 50 per cent of the weight of diy Bnbatance. 

Tlie wiiter hygroscopioally retained in the living tree varies within the Wide range 
of from 1S.6 to 51.8 per cent in the wood, white the leaves contain as much as 54 to 
65, and some even over 70 per cent while living; when dry, still 10 to 12 per cent. 
The wood of decidnuns hard woods, like oak, ash, elm, hirch, beech, contain iii the 
average 3S to 45 per cent; soft deoiduone trees 45 to 55 per cent, and the conifers 52 
to 65 per c«nt. White pine when young may show as high aa TT per cent of its 
weight as water, while larch, of all conifers, has the smallest water capacity, 
namely, 45 to 55 per cent, ranking with the decidnone soft woods. 

This hygroscopic water is rednced hy seasoning to 10 ot 13 per cent; this amount 
being retained even in well seasoned woods. 

Given the entire mass of wood and foliage on an acre of forest, an 
approximative calculation of the total quantity of water contained in 
tlie trees will show that 56 to 60 per cent of the weight of the forest 
must be attributed to water, while only 44 to 40 per cent is repre- 
sented by dry substance. In agricultural crops it is known that the 
amounts of water are still larger, reaching sometimes 96 per cent of 
the whole weight. The production of dry substance in a well-kept 
dense timber forest may amount annually to from 2,500 to 3,000 pounds 
per acre, leaving, then, for the hygroscopic water, 3,760 pounds, and 
the chemically fixed water, say, 1,250 pounds; so that for this factor 
of dissipation 5,000 pounds in round Dumbers as a mazimum will 
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ELEUENTS OF COMSEItTXTlOS. 

In discassing the elements of dissipation as to the degree of their 
effect under forest-cover, compared with the same elements at work 
in the open field, we have seen that the shade, the low temperature, 
the relative humidity, the absence of violent air-currents, the water 
capacity of the forest floor, are all acting as factors of conservation. 
We have seen that the quantity of water lost by evaporation— the 
moat fruitful source of dissipation — maybe more than six times as 
great in the open as in the forest. There is only one other element of 
conservation affecting water supplies which requires special mention. 
This is the retardation in the melting of tlie snow, which is due to 
forest-cover. According to Dr. Biihler, of Zurich, this retardation in 
Switzerland amounts to from five to eight days in general, and may, 
according to weather conditions, be several weeks, thus giving a longer 
period for distribution. The evergreen coniferous forest in this respect 
naturally does better service than the deciduous one. 

Effect of foreti* in eaie of tnow. 

Snow will lie in the forest more evenly and continuously than on the 
open, wind-swept areas. Thereby not only the amount finally remain- 
ing for drainage is increased, but the soil is prevented from freezing, 
and is kept open for percolation when the snows melt. The retalia- 
tion of the melting has been determind by Biihler in Switzerland to be 
from eight to fourteen days. 

Mr. E. U. Piper, in his Trees of America, states that an unobstructed 
warm wind will dissolve the snow more than ten times as fast as when 
it is protected from the wind, the temperature being the same, and he 
adduces in veriflcation of his statement the following experiments tried 
by himself: In the first, a body of snow 1 foot in depth, protected from 
the wind, but partially exposed to the son, after a thaw of two weeks, 
was not wholly melted, while another mass 6 feet in depth, more shel- 
tered from the sun, but fuUy exposed to the wind, was melted in less 
than a week. 

In the second, equal quantities of snow were placed in vessels of the 
same kind and size and exposed to the same temperature, one being 
covered and the other having a current of air constantly passing over 
it. The snow in the latter vessel was melted in sixteen minutes; that 
in the former was not entirely dissolved at the end of eighty-flve min- 
utes. 

In the third experiment, in a room with the temperature above 
80°, the mercury in a thermometer rose from 32*^ to 80° when exposed 
to a warm current created by a fan, or seven times as fast as when the 
heated air was still. 

The conservative effect of the forest-cover is especially of value on 
the western mountain rajiges, which are liable to be swept by the 
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Chinook, dissipating as if by magic the sQ»w-cover over which it 
sweepa. (See p. 133.) 

Even without this specially dry wind it ia well koowD id Colorado 
and other mountain districts that the regular wind sweeping over the 
bare slopes above timber line, or where the forest-cover is removed, 
while they drift the snow hither and thither, they " wear it out" at the 
same time. By the blowing of the wind the snow is reduced to finest 
particles, and, by the shifting, new surfiioeB are coustantly exposed — 
two processes which greatly faciiitate evaporation, and thus the enow 
is literally worn ont. 

The proposition, ttion, to remove the forest cover in order to allow 
the diifting and compa^tting of the snow, from which possibly to secure 
a longer period of distribution, even if there were no other objection, 
must be considered a hazardous and ill-ailvised expedient. 

The influence of the forest upon the condition and driftingof the snow 
is graphically related by Middendorfl' iu his description of Siberia, 
speaking of the Buran or snowstorm characteristic of the treeless 
plains of tundras: 

Aa far aa tlie forest reachoa itnrl impedes the action of tbo wlnda tlie snow lies 
everywhere evenly and loosely, ao tliat ia the beginniDg of winter one can travel 
only on snonalioes. Aa soon aa tlie tundra is reached there ia no nned of anowsliooa. 
The snow liea either like a thin carpet, or drifted together in incredible masses, so 
compacted as to hear man and beaat, etc. 

General effect of/oreHe t» reducing evaporation. 

The popular notion which ascribes to the moss-cover or spongy char- 
acter of the forest floor a conservative function beyond that of retard- 
ing evaporation and expe^litiug inflltratiou seems to be entirely errone- 
ous and needs revision. The idea that the moisture of the soil and the 
flow of springs is increased by water from the spongy cover is alto- 
gether iu contradiction to physical laws, and can be shown experimen- 
tally to be a mistaken one. 

Water fliters through the cover by the law of gravitation nntil the 
whole mass has become fully saturated. With an addition of water it 
will filter through to the soil, as long as the supply continues and as 
long as the soil is not so saturated that it can not readily absorb auy 
more water. At last, the supply continuing, the cover will refuse to 
convey it aud will shed it superficially, leaving opportunity to reach 
the soil only where the moss-cover is interrupted. When the water 
supply ceases, evaporation begins above, aud by capillary attraction 
the cover suppUes its loss of water on the surface from the soil below. 

To give water to the strata below, it would be necessary that these 
should have become dry, or at least drier than the moss-cover before the 
latter had lost its water. This may occur and depends naturally ujwn 
the structure and nature of the soil. If the soil is strongly fissured, 
thus rapidly draining the upper strata, then, if the moss-cover la still 
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saturated and an additional pressure is exerted liy water standiiig or 
thlling on it, a furtlier supply of water may he given up to the soil; if, 
bowever, the moss is only just saturated and no farther access of water 
takes place from above, then there ia no physuiai law by which a sur- 
render of this saturation water to the soil could take place as long as 
the underlying soil is of a gravelly or noiiabsorbing nature. If its 
nature is like clay, marl, flue saud, capable of attracting water, then the 
farther process of water absorption depends upon the difference be- 
tween the water capacity of tbe cov«r and Uiat of the soil. 

In a sand soil in which the upper strata lose their watw r^idly to 
the lower, the mosa-cover, which holds water more tenaciously, can be 
made to give up water to the soil as long as the capacity for absorption 
by the sand is greater than the capacity for retention by the moss. 

A loam or clay soil takes up water very slowly, but takes up a 
great deal before it ia saturated, and the proceaa of filtration goes on 
very slowly; if, therefore, a plentifal rain falls, there is formed 
under the moss-cover a shallow, nearly saturated layer of soil, which 
acts as an impermeable stratum. This layer is protected by the cover 
againat rapid surface drying, and since it gives np its water only slowly 
to the lower strata, it remains moist so long as the moss-cover is not 
dry. As soon as by evaporation the covta- has lost its water, the soil 
mast give up some of its moisture by capillary attraction to supply the 
deficiency in the cover. It must be noted here, however, that accord- 
ing to Oltman's experiments, moss does not take np water from au only 
moderately moist soil. A deficiency of moisture occuring in soil earlier 
than in the cover can be presumed only when the water is utilized by 
the roots and transpired, which is not likely to occur. 

These are the extreme cases between which in nature inany interme- 
diary conditions occur. The litter cover does not act analogously to 
the moss-cover or to a sponge. A difference must liere be noted between 
the newly fallen loose litter of the previous year and the closely packed 
and felted litter accumulations of former years. The former allows a 
rapid filtration; the latter, according to Eiegler's experiments, is nearly 
Impermeable, and the water practically can enter the soil only where 
the litter ia interrupted. The compacted litter serves admirably to re- 
tard evaporation. In reality there rarely exists an uninterrupted cover 
of such litter or a cover of oneuniform nature ; open spaces, moss-covers, 
varying 'thicknesses of littercover interchange, and accordingly the 
water penetrates readily, while the cover performs its duty as a conserv- 
ing agent against evaporation. 

There is an additional conservative action of the forest floor to be 
noted, which will be more fully discussed farther on, as an influence 
apon the distribution of the run-off. It is the mechanical protection 
which the cover afford^ against the compacting of the soil by the fall- 
ingraindrops; by tMs protection the soil is kept porous, permits ready 
percolatiou, and therefore less water remains at the surface to fall a 
prey to evaporation. , (", o O Q 1 C 
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It 18, tlien, //w protection agahut evaporation alone, due to greater 
relative humidity of the forest air, to the shade, to the breaking of 
the winda, and especially to the protective soil cover, which makes the 
forest a conservator of moisture eeerjfwkere, even where it does not by 
its peculiar location increase the amount of precipitation. 

Springs, then, may be influenced in the amount of their discharge by 
a removal of the forest, not because the forest supplies them directly 
with more water, but because by its removal the rate of evaporation is 
increased. 



The total conservative action of the forest with reference to available 
water supplies, aside from an increase of precipitation, is expressed by 
the difference between the elements of dissipation and those of conser- 
vation; the former comprised in the loss of the wat«r by retention or 
interception, evaporation, and transpiration, the latter in the protec- 
tion against evaporation. This balance is linown to be in favor of tbe 
forest corer in some localities and undercertain given conditions; but it 
will have become apparent that a general statement or quantitative 
expression of the amount of benefit is in general quite impossible. Tet 
in an ingenious manner a calculation for one of the Prtissiau mountain 
districts is proposed by Dr. Weber as follows: Usingthe figures which 
are exhibited in the table on page 113 he argnes that the amount of 
water left, over and above the amount evaporated in the open at low 
altitudes, deducted from the amount left over and above evaporation in 
the forests of high altitudes, will suffice to cover the amount of trans- 
piration ; thus, in the spruce forest at the station of Sonnenberg, the 
surplus of precipitation above the water needed for evaporation had 
been 1,093.8 min.; deducting from this the quantity which was found 
remaining in the open at Schoo, and which would suffice for purposes 
of transpiration and plant growth, a balance for drainage of 771.3 mm. 
results ; for the beech forests at Melkerei and Hadersleben, the calcula- 
tion gave a balance of 1,176.8—496.8=681 mm. for drainage. On the 
average, therefore, 700 mm. of the precipitation in the mountain forest 
in this locality are saved for the " run-off," that is, 100,000 cubic feet of 
water per acre. 

To get a conception of what these 100,000 cubic feet mean in the river 
flow, it may be stated that with average water level the Bhiilb above 
Manheim has a flow of 47,700 cubic feet per second, an amount which 
woald be yielded by 40,000 acres of mountain forest, provided all water 
is drained into the river; and to keep the river continually flowing at 
this rate would require, on the basis of these figures obtained experi- 
mentally, a forest area of 23,472 square miles, acalculation whichby no 
means leads to absurd results for practical probability, since the drain- 
age area of that part of the river is in reality about 30,000 square miles, 
largely in forest. 
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I also recall here the water balance drawn for the upper Elbe Eiver 
watershed on p. 128, from which it appears that the river flow repre- 
senta about 25 per ceut of the precipitation. 

The amount of river flow, to be sure, does not permit a calculation of 
the amounts of water originally available (after they have fallen and 
been diminished by the factors of dissipation) for local use in both sub- 
terranean and surface runs, since the river flow exhibits both kinds of 
drainage, but not at the same time. Nor do the wholeaalfi methods 
sometimes employed to deterDiine the relation of river flow to precipita- 
tion promise a solution of either that question itself nor of the ques- 
tion, how far surface conditions of the soil have a bearing upon drain- 
age. 

A detailed study of smaller and confined catchment basius alone 
like those referred to hereafter {see p. 15i) will give results that may 
eventually lead to practicable methods of calculations. 

DISTRIBUTION OP TBEEBSTEIAL WATERS. 

The distribution of the available water supply is almost as important 
and often a more important factor in the economy of the water than 
the quantity of available supply itself, and the manner in which this 
distribution takes place influences considerably the ultimate availa- 
bility of the supply for human use. 

In discussing the distribution of the water supply it is desirable to 
follow the natural division of the waters into superficial and under- 
ground drainage. The surface runoff gives to brooks and rivers all 
their rapid variations of stage; the underground drainage gives them 
their permanent regime. 

The proportionate division of these two classes of runoff, then, is of 
the highest possible importance; we will, therefore, analyze the condi- 
tions which determine their relative proportion in order to find how 
the forest may influence the same. It is evident that the first condi- 
tion is to be found in the amount and character of the precipitation. 
A violent rainstorm will fUruish more superficial run-off than when, 
the rain lalUng slowly, time is given for tiie soil to absorb it. • 

Rainy and rain-poor or arid climates, short and insignificant rains, 
short but violent, long and mQd, or long, plentiful rains, also periodical, 
seasonal rains and irregular rainfalls, all these constitute differences 
in the nature and time of occurrence of the rainfall, which must neces- 
sarily affect the relative amounts of the run-off. The effect is still 
further complicated where the precipitation is partly snow, when not 
only the mass of accumulated supply but also the progress of melting 
determine the result of the runoff. 

We find, therefore, based upon this one factor, namely, the nature 
and time of occurrence of precipitation, differences in the run-off which 
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are dependent opon differeQces iu climatic conditions. Thas tropical 
rivers show one or two regular high stages of water according to 
whether they have one or two rainy seasons; in regions of equinoctial 
rains a spring and fall freshet is normal, while the rivers may be almost 
dry in summer or winter; the frequent tbunderatarms in the mountains 
of Switzerland prodnc« short but rapid Hoods during the summer, 
while the autumn is characterized by low water in the rivers. This 
climatic diflference in water flow it is important not to forget when dis- 
eassing the influences which may modify the discharge of waters. 

W. Ule, in Meteor. Zeitsclir., 1890, discusses the relation of water 
stages in a stream and outflow in relation to precipitation. He comes 
to the result that a direct relation from one to the other is impossible 
to find, be<'ause of the complication of other conditions, which disturb 
this a priori seemingly direct relation. 

He finds that amount of precipitation and water stages or even water 
stages and amount of watiCr flow are not proportional, so that with the 
same wat*r stage different amounts may run off. If this discrepancy 
appears in the annual mean water flow, it is still more noticeable in the 
montlily means. In the river Saale the mean water stage for March, 
188«, indicated a flow of 378,mH),000 cu. m., while the daily measure- 
ment's gave 6118,000,000, or 34 per cent more. The mean water stage in 
March was 2.13 m., in December 2.15 m. Tet the amount of flow in the 
latter month was 23 per cent smaller than iu the former. With the 
stage twice as high it was found that three times the flow resulted. 
From these more detailed measurements it appears that changes in 
the amount of river flow are not necessarily due to changes in amount 
of precipitation. 

In 1S8C the amount of river flow was 14 per cent less than in 1884, 
althongh the precipitation was by 1 per cent less in 1884. 

The grc.itest influence on river flow is assigned to the distribution 
tlirougli the year of the predpitation, at least in regions with persi8t€nt 
frost periods, whci-e, as in the Saale catchment basin, the rivertiow in 
winter is tlirce times as great as in summer, namely, 51 per cent of the 
precipitation in winter against 17.3 i)er cent in summer. Hence the 
annual mean river flow reflects more the winter precipitation than those 
of summer, as the following figures show: 
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The larger amount of flow in 1882-'83 seems to depend on the fact 
that much precipitation fell in winter, and, at the same time, the greater 
percentage of flow in that winter is accounted for from the daily meas 
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orements showing reiwated high rises, which, as has heeii shown, predi- 
cate disproportioDate flow. The winter besides was warm, most of the 
precipitation was rain, or, if snow, was quickly melted and carried off. 
We see then that, besides the local and timely distribution of precipita- 
tion, temperature, direction and strength of winds, condition of topog- 
raphy and soil, other dynamic influences are exhibited in the river flow, 
which make this as an immediate espi-ession of condition of precipita- 
tion uncertain. 

After water has reached the ground its distribution is determined, 
first, by the character of the topography and, second, by the nature of 
the soil and the surface conditions. 

The topography determines the rapidity of run-off and of collection. 
The more diversified the country — cut into dells, coves, rills, and fur- 
rows, steeper and less steep slopes— the larger the number of runs of 
unequal length in which the water is collected, while the less diversified 
the contour the more water must be carried off in ea«h run. Yet 
where the diversity of conflguration is accompanied by steep slopes 
the run-off may be so rapid that the valley river is filled more rapidly 
than the river of the open xilains country with even slopes of moderate 
inclination. 

Thus in some of the river valleys of West Virginia the watersheds 
are scooped out into such an array of coves, gashes, and water courses 
and minor watersheds, and so steep and rapid in descent that, in 
spite of the forest cover, a rainfall of a few days will induce a rapid 
rise of the rivers, while the same amount of rain will hardly wet the 
ground in a prairie country like Iowa. 

The second of the above-mentioned conditions determining distribu- 
tion — the nature of the soil and the surface conditions — comprises a 
lai'ge number of separate, though related, factors. The composition, 
structure, aud stratification of the soil itself, its water capacity, its 
permeability, and other physical properties; the nature of the under- 
lying rock and its susceptibility to disintegration under the action of 
erosion; tlie surface conditions of the soil cover, whether frozen or 
sunbaked, cultivated or uncultivated, barren or covered with grasses 
or forests; these are a part of the factors which alfect the distribution 
of the water supply and determine the proportions of surface and 
underground drainage. 

On a given territory, then, with given geologic, topographic, and cli- 
matic conditions, the only directly variable conditions influencing the 
manner of drainage are those df the upper soil strata of the soil cover. 
We are, then, mainly concerned with the water capa«dty of soils and 
soil covers, the iuteufity of their water absorption and the amounts of 
water which are drained through them in given times. We are inter- 
ested in studying by what means the draining capacity of the soil is 
increased, and by what means altogether the run-off may be changed 
in its nature from a superficial to a subterranciin one and the reverse. 
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■ WATER CAPACITY AKD WATER CONDUCTIVITT OF BOII« ANTI BOII^COVERS. 

We' must discern two kinds of water capacity iu soils, namely, the 
absolute or miDimum water capacity and the full or maximum water 
capacity. The former, also called "moisture coefficient" in soil analy- 
ses, is that water quantity wbicU the soil will retain, no matter what 
the drainage conditions, provided the supply is not deficient. It is this 
water retained in the capillaries which determines the designation of 
the soil as moist, wet, or dry, which latter is only comparatively so. If 
the drainage is impeded by an impermeable layer underlying a porous, 
permeable surface soil, and if the slope of the impermeable layer does 
not favor rapid drainage, then if additional supplies reach the soil, all 
interstices ^nd largest capillaries will flU up and the amounts of water 
then contained in the soil represent its greatest (full or maximum) 
water capacity. Any surplus above this greatest water capacity is 
bound to drain off at once either auperfleially or aubterraneonsly. 

ivater oapadty of soils accoi'ding to Von Kt^ma, 
i onit, 3.5 cm. diam. by 10 om. helgM.) 
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[Volume nnlt 1 cubic foot). 



^. 


Weifilitof 


Valnmfl. 




27. Be 
S0.3S 

24. 0» 

Ut.U 

st'.tz 


Prrctnt. 











































From the above tables it appears that with the depth of the soil the 
minimum water capacity varies greatly, and the same may be expected 
for the maximum water capacity. In sand it may sink within 16 inches 
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to one-half of what it is at the surface, while Id loam, owing to smaller 
capillaries, the redaction is only one-third. The finer the capillaries 
the more water they can keep up proportionately in balance against the 
force of gravity, and hence hunins and garden mold, with their fine 
capillaries, show the greatest water capacity. 

The degree of such retention, as has been shown by Prof. C. E. Hil- 
gard and others, is also somewhat influenced by the temperature of the 
soil. The least retentive soil is a coarse qnartz sand followed by finer 
sands, and it is increased by an addition of lime loam, or vegetable 
matter. 

For a " second-class " Florida sand soil the " moisture coefficient" is 
stated by Hilgard as 1.64 per cent of its own weight, while it is 23 per 
cent and more in a peat soil; a pure clay rarely exceeds 12, while the 
moisture coefficient of calcareous clay soils rises to 15 and 20 per cent. 
The maximum water capacity may be many times that of the absolute 
water capacity, depending on structure and more or less compact strat- 
ification of the soil. According to Ebermayer, the amounts of water 
held may vary between 3 and 88 percent. Dr. Baman's investigations 
show the maximum water capacity of sand soils of fine and medium 
fine texture to be from 3 to 4 per cent. 

According to Prof. Schuebler at Tubingen, who experimented on 
soils under natural conditions: 

Sand soil may hold 25 per cent of it« iveigbt iu water ; loamy soil 40 per cent of 
its weight in water; clii; loam 30 per ceut of its weight in water; pure .clay soil 75 
per cant of it« weight iu wat«r. 

The most impervious soils, as was to be expected, showed the greatest 
retentive power, and since by compacting the soil particles the capillar- 
ity is increased, the imperviousness of such soils is increased. 

Impermeable soil strata, such as loam and very fine sand, allow, when 
a surface run-off is readily possible, only a passing and inferior retention 
of water after rainfall, iu springtime taking up no more than 10 or 12 
per cent of their weight, while a stratum of sand of medium grain, 20 
to 25 feet deep, was calculated by Raman to be capable of taking up 
and holding the entire annual precipitation of 24 inches. 

The capillarity of sand soils of the North German plain investigated 
by Baman was not capable of raising the ground water higher than 1 J 
feet, so that the upper strata of the soil, which was within reach of 
ground water, did not show any greater amount of water than the soil 
which had no giound water to fall back upon. 

Mr. F. H. King (Agric. Expr. Sta. Wise. Ann. Rept., 1889) has investi- 
gated the water capacity of soils with special reference to the function of 
groundwater in plant production. Six thousand observations of ground 
water stages under varying surface conditions show insufficiency of 
capillary actions to supply water for plant transpiration rapidly enough. 
He found that a column of 1.5 in height of natural soil (consisting of 
loamy marl, red clay, sandy claj', and fine sand) could hold an amouD^ 
12444— Np. 7 10 ^'^1^^. 
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equal to 54 cm. precipitatiou, which is equal tothree-flfths of the mean 
anuual precipitation at the station, of which the author presumes not 
more than 30.5 cm. are used for an average crop of agricultural grains. 
•^ Gomiug now to the intlaonce which a forest cover may have upon the 
water capacity of the soil, we have to record the results of Dr. B. Eber- 
may er, who has investigated the water capacity of a heavy loam soil, 
both protected and unprotected by a forest cover. 

The following table contains the measured amounts of water contained 
in snch a soil under a forest of spruce, twenty-five, sixty, and oue hun- 
dred and twenty years old, and a naked soil at IC inches (40 cm.) and 
32 inches (80 cm.) depth. 



Water conlenti of a (oomy sand; 


rciiilU bg leaions exprmted 
of 1U soil. 


in perctKtaget of the wight 




Spruce. 


Naked Boll. 


Sowon. 


25 year. old. 


W yemra old. 


l20jeBr8 old. 




..'.V 


i«l,. 


age. 


10 


92 
inoL. 
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«ge. 


inch. 


Inch. age. 


.1* 


22 


ago. 


Wtntw (J.nnmry and 

s'lid°l^nMttA"''JI»ii 
vembsr) 


ao.23 

IS. 1)2 
IS. 10 


17.00 


lEkti 


Itti 


li.W 


1S>. 


IT^Tt 


22.4* 21. es 
2U.8.T 19. IS 
20.00 19.07 


aiiei 


2..73 
20.20 


22-35 
20.68 

20.12 



These flgures show that a loam soil under forest cover is apt to be 
drier in the depth of the root region, and that at all seasons, than in the 
open field at the same depth, less so under an old and scattered growth 
than under a younger growth or tliicket 

A repetition of these experiments, in which various depths from the 
top to 32 inches were included, gave during two years the following 
averages of water capacity, expressed in percentages of the weight of 
the soil; 

Areragea of teaitr capacitg, ezpresled in perceulagea of the meigJit of the soil. 
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25.voBr8 


".',5" 


120__™ra 


aoU. 




Fir tent. 
30.03 
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29. « 


4U..12 
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i«:ot 


19,30 
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18.65 


17.30 


19.71 









Ebermayer combines the values for depths from 6 inches down to 32 
inches, and then concludes that the forest soil is less moists due to the 
transpiration of water by plants. This conclusion is, however, not at 
all warrauted. For if oue combiner the figures found in all the strata 
from the top to Siuchcs down, they figure as follows: Spruw 25 years 
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old, 24.79 percent; spmce 60 years old, 23.39 pet cent; spruce 120 years 
old, 30.01 per cent; naked soil, 22.39 por cent. 

Hence, take it altogether, the naked soil contains considerably less 
water than the forest-covered soil. But the distribution of the water 
through the different layers of the Boil is different in the two cases; the 
naked soil, due to rapid evaporation, uo doubt, contains the least 
amounts in its up|)er strata, where the forest soil with its absorptive 
cover preserves tlie largest amount. Measurements of the stratum 
from 2 to 6 inches would probably have shown the preservative effect 
sti ll more prominently. 

The water capacity of soils and soil covers in general has been re- 
ferred to as an element of interception. With refereuce to the ran-off, 
this capacity beoomes influential in determining the manner of run-off. 
As soon as the soil cover and the upper soil strata are saturated, and 
especially when the latter are more or less impermeable and the rain 
continues, either no water or only a small part gradually can find en- 
trance into the soil, and the tun-off becomes in the main superficial, or, 
if the ground be not sloping, stagnant water results. 

For every watershed, n» matter what its conditions, there may, there- 
fore, come a time when the rain or snow-melting continuing, the entire 
ran off becomes superficial, the soil being unable to take up more. 

It is evident that this time must occur later in the forest than on 
the unforested and especially naked soil, because the water capacity 
of the soil cover aa well as of the protected soil in the forest is greater 
than that of the naked soil or that covered with field crops. 

The water capacity of litter, which WoIIny investigated, depends oa 
its nature and, of course, its thickness to a ccrtiiin degree, and is quite 
considerable, much greater than that of soils. 

The wat«r capacity of various litters was found to be as follows in 
volume per cent : 



DepUi of UttBT. 


Oak 
learc. 


Beccb 


ter 


Pine 


MOSB. 


sp 


When 2 Inches d««p 

When 12 inches deep 


SS 


-■»;,, 


3s.m 

41.69 


-«„ 


ID. 82 




21. B3 





So soil cover was found so variable in wat«r contents as moss, while 
litter would hold two or three times as much water as moss and twice 
as uincfa aa the soil. 

The variation of water capacity at different depths appears from the 
following figures: 



Dfplb Ot litlCT. 
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That is to say, the increase ia water capacity ceases witli about S-tnch 
, de^th. 

The quantity of water which the soil cover can contain appears from 
the following measurements of Dr. Ebermayer : On the 17th of August, 
1885, after rainy weather, the inoss cover in a 60-year-old spruce 
growth contained 72.33 per cent at the top, 76.64 per cent on the lower 
side, and 71.67 per cent iu the humus soil beneath. 

After a rainstorm lasting one and a half days, on September 9, 1885, 
the moss cover contained 80.45 per cent at the top, 74.61 per cent on the 
lower side,' and 74.42 per cent in the top soil. 

In this connection the following note regarding the enormous water 
capacity of mose covers in Alaska may be of Interest: 

Iu tbe interior plntenn of tbe Cordillerau and St. Eliae regions of Alaska, accord- . 
ing to Mr. C. W. HayeB, Aorface degradation is greatly retarded b; the loxurianf 
growth of moBS, which covers practically tbe entire surface of the country. The 
annual precipitation ie largely confined to the winter months, sod the water from 
the melting suow is held by the sponge-like moss, which remains saturated tlirough- 
ont the short bat hot and dry summer. Thus, with a rainfall which, in lower lati- 
tudes, would condition an arid region, a large part of tho surface is swampy, quite 
irrespectiveof slope— that is, wherever theinaterialia>inposingit is safBciently com- 
pact to become imporvioiiB to water on freezing. On account of this slow and 
imperfect surface drainage, the slopes are not cnt into the ravines and arroyos so 
characteristic of arid regions. 

WATER CONDOCTIVrrT OF SOILS. 

Of still more importance for the run-off than the water capacity is the 
water conductivity of the soil, or the rate of water absorption — filtra- 
tion. 

The rapidity with which the water is conducted from above down- 
ward mast necessarily infiuence the nature of the run-off. 

Gravity tends to drain the water downward, capillarity to carry it 
upward; the difference of these two forces in the main must, besides 
the mechauical obstructions of the soil particles, determine the raindity 
of drainage. Experimentstoestablish the rate ander various conditions 
are very few and unsatisfactory. 

The capillary conduction from below has frequently been made the 
subject of investigation, but the downward movement has not yet been 
studied with sufficient detail, and it has hardly yet been recognized by 
the experimenters that this depends upon the difference of gravity and 
capillarity as two opposed forces. According to E. Wollny's experi- 
ments in 1883 and 1884— 

(1) Water is conducted downward the mote rapidly the larger the soil particles 
(t. p., the less capillary attraction exists). 

(2) The noncapillary interstices of the soil accelerate tbe downward movement of 
the water (i. e., the less mechanical obHtruction of soil particles). 

(3) In granular soil the water penetrates faster than in powdery soil (i. e., pene- 
tration is the slower tho denser the stratification). It is most rapid in quartz and 
slowest in olay ; in humus at a rate between these two, bat in a nuj^nre of Qlay soil 
and liumuB faster than th; arerage of the two, 
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(4) The rapidity of ilrainago iu a granolnr goil 

Tbe experiments were made with Boils of varyiug griiin in tubes 110 centimeters 
deep, the water dropping ou top constiuitly; the results are ex: hi bi tod in the foUoW' 
iug two tables : 
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According to Fesca the downward movement proceeds quickest in a 
dry dust, only slowly in clay soils; the same amount of water being 
draiued through the former in one hour wliicli it took two days to dram 
through the latter. V' '" ' ' i 

The inflnence of a soil cover on the physical condition of soils has 
been investigated directly by Wolluy ; he comes to the result that veg- 
etation and cover with dead material (straw, litter, etc.) tend to pre- 
serve the loose granular structure of the soil. 

■ The forest cover, then, has a tendency to preserve the granular, i)orou8 
structure of the soil, which is favorable to filtration ; and as, moreover, 
the roots furnish cliannels for unimpeded drainiige, it mnst have the 
tendency, other things being equal, to allow a more rapid filtration 
than the naked, mostly compacted soil, or even that of a field of crops 
after cultivation ceases. ~- ^ 

The temperature, too, appears to have an influence favorable to rapid 
flltratiou in the forest; for, according to Pfaff,in the field during winter 
three-quarters of the precipitation will sink to 2 feet depth in the soil, 
and not more than 10 to 30 per cent in summer. 

Unless, therefore, the forest cover itself had a tendency to retard 
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penetration, which we win see is not tlie case, the inflacnce of the for- 
est upon the intensity of water absorption would be in the direction of 
diminishing superficial flow and fa<;ilitatiug subterranean draina^. 

This factor is of the utmost importance in the discussion of the 
causes of floods. Without a consideration of the water capacity, and 
still more of the intensity of water absorption, it will never be possible 
to draw conclusions as to probable floods &om the amount of precipita- 
tion alone. 

The influence of various soil conditions and soil covers upon the 
amount of water that will filter through has been investigated by 
Wollny and Ebennayer in an extended series of experiments. 

Experiments of this kind which will yield results applicable to nat- 
ural conditions are exceedingly difHcult to arrange, and reqoire not 
only many precautions, but must be continued for a long time before 
generalizations can be attempted. One of Wollny's series of experi- 
ments wa^ intende<l to show the influence upon filtrattoii of a grass 
cover on different soils. The results calculated for 1 acre are ai 
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The grass cover, therefore, reduced considerably (by 50 per cent and 
more) the percolation of water. Ebermayer experimented with boxes 
43 square feet surface (4 square meters) and 4 feet deep, filled with 
garden soil, leaving one bare, covering another with moss, and two 
others each planted with 6-year-old plants of beech and of spruce, with 
the following results, arranged according to seasons: 
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In these experiments it is remarkable how small a percentage of tte 
rainfall was filtered through, which would lead us to look at thereaalts 
with caution, namely: 
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In re(;ard to the amouDt of filtratioD which various Boil-covorn allow, 
we have the following very iDstructive reanlts from the experiments of 
Wollny, in which the amounts of rain and correspODding filtration on 
62 square inches suifac^ are given : 
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These ligurea show that a litter wilt filter cousiderably larger nmounts 
of water than a soaked soil of the same depth, and that the moss cover 
allows less water to filter than the litter. This is accounted for by the 
Boil needing a larger amount of water to supply the moisture evapo- 
rated than the litter which remains mOist. 

Notable ia the iufiuence which the thickness of the cover exerts upon 
the amounts of drain water and also the relation of the amount of pre- 
cipitation to the amoant of filtration. 

It will be noticed that with a thicker cover to 1 foot in depth (30 
centimeters) the amount of precipitation hardly changes the amount of 
drain water, while the lighter covers have much less power to preserve 
a small precipitation, for of course the amounts not drained are evapo- 
rated. 

E. Ebermayer {Sickerwassennengen in verschiedenen Bodenarten 
Wollny 1890) from a long series of experiments comes to the conclusion 
that besides clay, it is especially humus, which imbibes almost aU pre- 
cipitation and gives up very little water below. 

A layer of garden mold of 1 m. furnished only 3.2, 5.7, and 7,1 per 
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cent flltmtion water ftom precipitation in fail, spring, and winter, "If, 
thwefore, lie HHys, our earth were covered witb a bumus soil of 1 m. in 
deptli, subtet't'aneiui drainage would be so slim tbat springs would be 
scanty and continuously flowing springs absent. 

From tbese experiments it would tlieu be conceivable tbat tlie forest 
floor could be of eucli nature as to prevent rapid filtration to tlie soil 
(close uuioterruptcd moss carpets, or compact bumus), wben witb sud- 
den large masses of rain falling less water would become available for 
underground drainage than without the tbrcst cover. Sucb conditions, 
however, are exceptional; the possibility of their occurrence, on the 
other hand, makes it necessary in every additional case to ascertain not 
only the nature and stratification of the soil, but also the nature of 
the soil cover or forest floor, before we can dct«rmine whether or not 
the presence of the forest is conducive to practically greater percolation. 

There is another element favorable to the absorption of water by the 
soil, and to percolation and subterranean drainage, which, as far as I 
know, has not been elsewhere noted. It is the fact that snow will lie 
in the forest more evenly and continuously than on the unprotected 
surface. Tliia element of conservation not only increases the amount 
finally remaining for drainage, bntalso prevents the soil from freezing, 
keeping it open for percolation when the snows melt in spring. 

In open fields the snows are not only apt to be dissipated by evapora- 
tion, but the soil is more apt to become incrusted with an impermeable 
surface stratum which would turn over the melting snow waters into 
surface drainage. 

It is these snow waters, preserved to the subterranean drainage, 
which above all account for the continuity and equality of flow in 
springs far away from the catchment basin, the waters tbat fell in the 
winter and melted in the spring reapxiearing in summer. 

A further element tending to increase the amounts of subterranean 
drainage waters lies in the retardation of the surface flow, by which 
the time is lengthened during which the soil may take up and filter 
through rain and suow waters. 

The forest floor offers such impediments to surface flow not only in 
greater degree than any naked soil but than any other vegetation. An 
advantage over other kind of vegetation is also found in the deep pene- 
tration of the roots of trees, which increases the chance for percolation, 
while the more compact soil cover of a green sward would be rather 
opposing percolation. All that has been said regarding evaporatiou 
and transpiration witliin and without the forest needs also be kept in 
mind in the discussion of the amounts of draiuwaters for underground 
disposal. 

The couclusion, then, is, that in general a forest floor, although retain- 
ing much of the water in its upper strata, allows less water to run off 
superficially, and by rendering the soil more permeable larger amounts 
of water are turned into subterranean channela. 
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While this increase in drainage waters is the general tendency of the 
forest cover, geological stratification may be so favorable to drainage 
(deeply Assured vertical or tiJted-iip strata) that on the score of per- 
colation at lesist the effect may become irrelevant, or it may he so 
unfavorable (horizontal nnflssured stratii) that the intluence upon per- 
colation may become practically of small value. 

While underground, one part of the filtered water be<;ome8 station- 
ary as soil moisture retained in the capillarica of the soil, and finally in 
part to be returueil to the air by transpiration from the foliage and 
evaporation from the surface of' the soil. The other part — the surplus 
above the water capacity of the soil — continues to filter through the 
soil, gathering into definite channels, collecting in beds or basins, and 
finally reappearing as springs. ■ It is obvious that the first part can not 
be more than the water capacity of the entire soil layer, unless there 
be standing ground water which would replenish the loss by trauspira- 
tion and evaporation, sustained by the soil moisture. 

Now, by reasouing from the statements regarding the greater ease of 
percolation in soils kept granular under the protection of a forest-floor, 
as well as by the experiments regarding water conductivity and water 
capacity of soils under varying conditions, and regarding actual meas- 
urement of titration waters from such soils, we are forced to admit 
that in general the quantities remaining for underground runs are not 
ouly larger in the first place, but remain so during their subterra- 
nean existence, suftering less loss by evaporation under the forest cover. 
This effect, especially apparent on shallow soils, will be more sensible 
the further iiway trom the catchment basin the wat«r reappears as 
a spring, that is, the longer the subterranean run. 

FOHMATION OF SPKISGS AND CONDITIONS AFFBCTiNG THEIR FLOW. 

Finally we come to a consideration of the conditions which determine 
the final reappearance of the underground drainage in the springs. 
The place where a spring appears is, of course, predicated in the first 
place by the structure and topography of the soil and rock strata. 
The question of the location of a spring is, therefore, a dynamical one, 
on which the soil cover can have but little influence. Yet even here, 
an indirect influence may be found in the amount of water to be 
dmined, and in the looseness of the surface soil, both of which condi- 
tions would tend to produce more numerous outlets and a wider distri- 
bution of reappearing underground waters. 

The following elementary explanation of the formation of springs 
may serve to show how geological conditions influence to a large ex- 
tent the manner in which the waters felling on the watershed are dis- 
tributed in underground channels, collected and discharged, and that, 
in spite of favorable forest conditions, a region may be poor in springs 
and that, without any disturbance of the forest cover, a change in the 
location or even in the run of springs may occor. 
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Spriiitit, — Aapriugin water whirb lins penetrated the soil anil reappears collected on 
the Hiirface. SpriagHiiie in most eam-n thebBgiiuuugeol'bTuolcsanclriveTH. Acciird- 
ing to the laiLnnei' in which the perculiiteil water reaohcH the surface, springs may be 
classed aa ntaodiiig or running HpringH. 

The stuudiug ot ground- wiiter H])ringH iire such aa collect wat«r iu aome depieBSion 
of the soil and overflow only aslougas the water reaches the lower tevelof the out- 
let. Their formation is easily understood from the acccompanying lignie (Gl), in 
which (1) represents a hillside of massive rock, coutiiiuing under the overlyiug 
strata at n. Thelatter consists of impermeable strata '2, 2) clay, loam, marl); above 
this a layer of gravel or coarse sand nnd rock material (3), and above this a stratum 
of soil (4), which at Xia absent, leaving au opep bowl where the gravel layer becomes 
visible. All the rain water falliug on the plateau op snd on the slope o a running 
down, when arriving nt the impenetrable strata near b, will be diverted into the 
gravel bed ami spread in this, being prevented by the underlying impermeable strata 
from sinking. When siifficieut water is supplied the water level rises until it appears 
at X, and if there is an outlet over the rini of the bowl and sufficient slope of the 
ground the spring begins to How, forming, it may be, the beginning of a brook. 



Such a standing or ground-water spring ceases to run if precipitation ceases for a 
length of time sufBcieut to reduce the water level below the outlet. Similar condi- 
tions can occur alongside of rivers when the seepage of the river supplies the 
water to a spring below the river level, and the level of these seepage waters rises 
and falls, of course, with the rise and fall of the river level. 

Of mnuing springs, there may be distinguished, according to the manner of their 
formation, thre« kinds — soil or surface springs, fissure springs, and cavern springs. 

A surface spring originates when a more or leas impermeable tioil forms part of or 
lies ucar the upper soil stratum, allowing the water to enter only imperfectly and 
to an inconsiderable depth, and, passing through the looser parts of the soil, to col- 
lect and coioe to the surface at some point where the top soil ia absent. Tliese 
shallow-soil springs naturally vary quite sensibly, according to the physical condi- 
tions of the surface, and are dependent directly on the precipitation; dry up easily 
if it does not rain or if the soil is exposed to insolation and is deprived of shades 
they are warm in summer and free7.e out in winter. They are usually found in local- 
ities where the rock consists of easily disintegrated clay slates and sandstones, 
capped with a shallow layer of - decomposed rock, or in the neighborhood of loam 
hills. An addition of broken rock and stonca to the soil facilitates the penetration 
of the water and increases the comparative flow of these springs. 

Whole districts along the foot of the Alps in Switzerland, Bavaria, Austria, and 
the Carpathians in Galicia, etc., have hardly any other kind of springs. 

The second class, conveniently called " fissure" springs, originate from the waters 
which havedeeplypenetratedtbesoilandrook through the liesnres, rents, and splits, 
or numberless cleavage strata of the upper rock formations, and ultimately reach a 
deeper lying inclined rock formation, which prevents further penetration and canses 
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the iratet to tna along ita nppet plane nntil tbe formation aoitiewbere comes to the 
eiitfnc« and with it the collected water of tfae spring. These conditiotia are illustrated 
in the acGcotniianyin^ iriit (Fig. 63), in whieh bed e,f cepreseuts tlie upper lissured 
formations thtougU which the rain and snow ivateiK peuetrate to the lower imper- 
meable strata below the Ijuel/, necessarily gravilating to point/, where the oppor- 
tnnity for discharging as a spring exists ; a smaller spring might occnr at e. 8iicb 
conditions exist Wh«ra lime or dolomite n>elcs overlie hard sandstones, compact clay 



Pro. 62,— FIssore spring. 

slates, or clay beds. These springs, asarnle, are ranch less dependent on the changes 
of precipitation and teiopetatiire ; they are mostly continnoiie aod eveo in their flow 
and their temperature. 

The third class of the rtinniiig springs may properly be called "cavern" springs, 
from the fact that while their waters are drained like those of the second class, they 
are first collected in some subterranean basins or caverns, and appear on tbe surface 
as iiverflow of these basins. 

In the accompanying Rgare (63), a li o is the catchment basin, from which the vari- 
ous Bseures conduct the water to A, over6owing at X inio B, and from there over- 
flowing and appearing at the snrface at F. 



This kind of spring is found frequently in limestone formations, and since the 
waters of such often come from great distances from above their discharge at the sur- 
face, they are usually of very cold and even temperature; they are apt to run low 
when the soil is frozen and when precipitation is small ; and their discharge is mure 
or less intermittent. The obstruction of the old and ope<iing of a new ontlet by a 
fall of rocks at X and Y, and the widening nf a formerly insigniilcant fissure at z or t, 
may reduce the flow or stop the original spring entirely, opening a new one in an 
entirely difl'erent part of the locality. 
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Wliile we bave lifire cousideied conditions under wbicli springs ara 
formed, there are also conditions under whicb their formatiou is ex- 
cluded ; such miglit be found in extended plains or !ow hill lands, with 
a compact, impermeablesoil, which may give rise to pools aud morasses, 
but not to springs. Plateaus of Assured limestone dolomites or of com- 
pact gneisses or granites may also be poor in springs, their waters sink- 
ing at once to such depths that no discharge is met in the immediate 
neighborhood of the catcb-basiu, or else shedding the water at once 
superficially. 

7h,e most direct influence of a forest cover upon the discbarge would 
be noticeable ou the surface springs, since in these the catchment area 
and the place of discharge lie close together, while the uudergrouud 
ran is not only short, but lies near the snrfape, and hence experiences 
most sensibly the effect of the protection against evaporation which 
the forest cover offers. Deforestation here would no doubt reduce or 
cut off discbarge entirely. 

In cavern springs an induence could be exercised only in tUe indi- 
rect manner, by the increase of filtration over the catchment basin. The 
same pertains to fissure springs, whose sources of supply are usually 
quite removed from evaporative influences, and only where these come 
nearer the surface or when the spring is only small, may the removal 
of the shade of forest cover reduce the outflow. 

With reference to ground-water springs, which come to light at a 
considerable distance from the catchmeutbasiu, the conditions of the 
latter as far a^ the influence, increase, and preservation of water sup- 
plies, and of the area over and under which the waters run collect, is 
of considerable importance, while the surface condition of the area 
within which tlie spring lies (a e of Fig. 61), if of Impermeable strata, 
is of less consequeuee, except that a forest growth may lower the gi'onnd- 
water level by transpiration, should the water quantities furnished 
from the catchment-basin not be continuous and sufficient. If these 
strata consist of permeable soil, they would act as a second catchment- 
basin, and the efiect of the soil cover upon the quantity of drain waters 
(precipitation, evaporation, and transpiration) would be directly no- 
ticeable. We have seen that the tendency of the forest cover — trees, 
foliage, litter, moss — is to change a certain amount of surface drainage 
into subterranean drainage, or, in other words, to reduce the surface 
waters where they have fallen. Eventually, however, the subterra- 
nean waters come to the surface again, and add their stores to the 
surface waters that are carried away in open runs, brooks, and rivers. 
Finally, then, all the water that falls on the catchment basin, except that 
which is returned to the atmosphere by transpiration or evajwration, 
becomes surface water; but the mauuer in which it runs off is the im- 
portant point. 
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CfFLUENOE OF FOEESTS UPOM StFEFACE DEAmAGE. 

Surface, waters, like springB, may be considered from three points of 
view, namely their quantity, the course and manner of distribution, 
and finally their behavior when collected in rivers. AH that has been 
said regarding the conditions of underground drainage has, of course, 
a bearing upon the quantity of surface drainage. The amount of Enr- 
face run-off is the complement of the amount drained off by springs, 
and it follows that where surface drainage is the rnle the supply to 
springs is scanty, and vice versa. 

It is evident that the conditions for a superficial runoff are to be 
found, first, in the amount and nature of precipitation, and next in the 
soil and surface conditions. A violent rainstorm will nfitnrally furnish 
more superficial run-off' than when, the rain falling slowly, time is given 
for the soil to absorb it; a snow cover, fallen on frozen ground, is apt 
when melting to shed its water over the frozen surface without pene- 
trating the soil. 

9*81016 of soil and soil cover and topography determine, with equal 
amounts of water to dispose of, what the nature of the run off will be. 
An impermeable soil takes up sufficient water to make it plastic and 
then sheds all additional water sujierflcially ; a permeable soil continues 
to take up water and conducts it into the depth. This difference of 
behavior must influence and determine largely the conditions of any 
riverbed; for if it run for some distance through impermeable soil 
even insignificant rainfnlls will rapidly collect and swell the river, 
while the permeable soil would have taken up and held all or parts of 
the precipitation and would only gradually have given it up. 

The topography determines the rapidity of run off and of collection. 
The more diversified the country— cut into dells, coves, rills, and fur- 
rows, steeper and less steep slopes — in the greater number of runs of 
unequal length is the water collected, while the less diversified thecon- 
touT the more water must be carried off in each run. Yet where the 
diversity of configuration is accompanied by steep slopes the run-off 
may be so rapid that the valley river is filled more rapidly than the 
river of the open pi ains country with even slopes of moderate inclina- 
tion. 

Thus in some of the river valleys of West Virginia the watersheds 
are scooped out into such an array of coves, gashes, and water courses 
and minor watersheds, and so steep and rapid in descent that, in spite 
of the forest cover, a rainfall of a few days will induce a rapid rise of 
the rivers, while the same amount of rain will hardly wet the ground 
in a prairie country like Iowa. 

As regards soil and surface conditions it is obvious that the less 
permeable the soil or soil cover the less the absorptive capacity of the 
same, and the fewer mechanical obstructions are met the more water 
runs pff superficially. 
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RETARDATION OF THE WATBHFLOW. 

It is in tbe 'first place this mechanical obatraction which a forest 
floor more than most other kinds of vegetation oflers, which changes 
the distribution in time of snrfuce waters, that constitutes the forest an 
influential factor in water flow. 

Direct measnrements as to the difference in time which it takes for 
water to run ofl' from watersheds of different conditions are difficult or 
almost impossible, because it would be necessary that not only the same, 
amount of water should fall upon the two areas under comparison, but 
also that the topography, angles of slopes, and length be the same, and 
a ready means of measurement be found. In fact, the absorption and 
obstruction to surface flow acting in the same sense, it would be impos- 
sible, and for practical purposes also irrelevant, to credit each with its 
separate quota of influence. We shall, therefore, have to be content 
with general reasoning and more or less inaccurate observations to prove 
this retardation of surface drainage. But without any evidence fur- 
nished by experiments, we can at once understand that thesarface run-off 
IS impeded by any kind of mechanical obstruction, such as is offered by 
the vegetation of a meadow or of a forest. 

The great number of inequalities which the forest floor ofl'ers, in ad- 
dition to the trunks and stumps and fallen trees, forces the rnn-off to 
many detours, thus retarding its flow and its collection in the open runs 
and brooks. 

The retardation in the waterflow begins even before the rain has 
reached the soil, for the leaf canopy catches and reevaporates, as we 
have seen from 12 to 25 per cent of the total fall, and certainly retards 
the fall of the water to the ground, as can be readily observed; long 
after the rain has ceased the water keeps on dripping from the foliage. 
Thus, although most of the water reaches the ground at last, except in 
case of very light showers, yet the devious ways iu which it reaches 
the soil makes the flow of water Irom a forest-covered bill longer in time 
than if the rain had fallen on a bare slope. As the result of a long- 
continued precipitation, it would be under the same conditions by an 
unforeeted slope, but this stage occurs in the forest later than on uu- 
forested soil aud later still than on naked soil. 

The great importance of the factor of time in surface drainage, both 
as regardsdangers from freshets and erosionof soil, will be more readily 
appreciated when we remember that the dangerous waters in the moun- 
tains are generally of short duration. 

A dift'erence of 1,000 to 2,000 cubic feet of water per second &on^a 
square mile of watershed may often determine whether a dangerous 
flood is experienced or not. And since a square mile of moss-covered 
forest floor is capable of absorbing from 40,000,000 to 50,000,000 cubic feet 
in, say, ten minutes (a humus cover is capable of taking up 50 per cent 
of its own weight), nearly all of which the naked soil would give up 
some twelve to fifteen hours earlier, the surface conditions of the watcr- 
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abed must in many cases be determinative in the excesses of water flow 
in rivers. 

This important fact should at least be recognized, that the surface 
conditions of the soil of a watershed are the only controllable factors in 
the problem. 

Amount of precipitation, topography, and character of the soil are 
the practically unchangeable other conditions n'hich determine the 
occurrence of freshets and floods. With a forest floor in good condi- 
tion, small precipitations are apt to be absorbed readily and entirely 
prevented from running off tuperflcially; with excessive rainfalls, topo- 
graphical and soil conditions have eventually more influence than the 
forest floor; from steep declivities and an impermeable soil waters will 
be shed supeifieially in spite of and over the forest floor as soon as the 
latter is saturated at the surface. 

Tet even so a ditterence in the run-off will be experienced by the 
fact that the well -protected forest soil prevents erosion, the formation 
of detritus and the cariying of d6bris into the runs and brooks below. 



By this protection of the soil the so-called torrential action of water 
is prevented, which, as the history of some departments in southern 
France has shown, is capable of devastating thousands of acres of fer- 
tile land by carrying the detritus into the valleys and depositing II 
there. At the same time the reforestation work of the French Govern- 
ment has also progressed far enough to furnish proof that the recloth- 
ing of the denuded hills is the practical remedy against these torrents. 

Not only were the mountain sides themselves devastated and made 
useless by the destructive action of the water, but fertile farms for 200 
miles from the source of the evil were ruined by the deposit of the 
debris and the population pauperized and driven out. 

According to M. Demontzey, forest administrator of France, it was 
estimat«d, in 18C6, that the area of denuded mountain lands needing 
reforestation was 2,964,000 acres. The Government has taken hold of 
the restoration of the most needing area, some 780,000 acres, on which 
so far some $10,000,000 have been expended, while private owners and 
communities hav; increased this expenditure for the repair of past fol- 
lies to over $30,000,000, which is estimated to be about one-half of what 
is necessary. 

How in our own country this erosive and destructive action of water 
is at work even in the hill country is thus graphically described by Mr. 
HcGee, In speaking of the bad lands in the State of Mississippi : 

With tbe moral revolution of the early sixties came an iudustriiil evolntion ; the 
piauter was imyoverUheil, his sons were slain, his slaves were liberated, and he waa 
fain either to vacate the plantation or greatly to restrict his operations. So the cul- 
tivated acres were Dliandoned by thousands. Then the hills, no louger protected by 
Die fureat foliage, no longer bound by the forcet roots, uo longer guarded by the 
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balk and briinh dam of the eaKfiil nver»eer, were attacked by raindropi and raiii' 
bum rivnIetH and gnltied and chauTipled in all dimrtionn; oaoh atreaoilet reached a 
hmidted anus into the hills, each ami graaped with a hundred lingers a hundred 
Hhreds of soil, and aa each abred was turn awa; tho slope wna ateepeued and the 
theft of the next storm made easier. 

So, storm by atorm and year by year, the old fiplila were iiivadod by fin 1 lies, gorges, 
ravines, and gulchea, ever increaairiK in width and dppth until whole hillsides were 
carved away, niitil tho soil of a thouBand joara' growth melted into the atreains, . 
nntil tbe fair ai-res of antn-belliiru days were convirrted by hundreds into bad 
lands, desolate and dreary as thoae of tbe Dakotas. Over much of the upland the 
traveler is never out of ainht of gtariug eand wastes where once were fruitful fields ; 
his way lies Boniettmes in, sometimeH between gulliea and gorges — the "gulfs" of tlie 
blacks whose superstition they aronse, sometiraeii ahadoweil by foliage, but oftener 
exposed to the glare of the snn reflected from barren sands. Hdre the road winds 
through a gorge HO steep th»t the sunlight scarcely enters, there it traverses a narro'w 
creat of earth between chasms scores of feet deep in which he might be plunged liy » 
siogte misstep. When the shower comos ho may see the roadway rendered impasa- 
able, even obliterated, wilhinafewmioiites; always sees the falling waters accutnu- 
late as viscid mud torrents of brown or red, while the myriad miniature ^iuuacles 
and defiles before him iire tranaformed by tbe beating raindrops and rushing rilla 
so completely that when the sun shines again he may not rocognije the nearer 
landscape. 

This destruction is not confined to a single field nor to a single region, but 
extends over much of the upland. While the actual acreage of soil thus dentroj-cd 
has not been measured, the traveler through tbe region on horseback daily seen 
thousands or t«ns of thousands of formerly fertile acres now barren sands; and it 
is probably within the truth to estimate that 10 per cent of upland Mississippi has 
been ao far converted into bad lands ns to be practically ruined for agriculture 
under existing commercial conditions, and that the annual loss in real estate 
exceeds the revenues from all sources. And all this havoc baa been wrought within 
a quarter century. Tho processes, too, are cumulative; each year's iat« of 
destruction is higher than the last. 

The transformation of the fertile hills into sand wastes is not tbe sole injnrv. 
The sandy soil is carried into the valleys to bury tbe fields, invade the roadways 
and convert the formerly rich bottom lauds Into treacherous quicksands when wet 
blistering deserts when dry; hundreds of thousands of acres have thus been de- 
stroyed since the gnltying of the hills began a quarter century ago. Moreover, in 
muoh of the upland the loss is not alone that of the soil, t. f., the humus represent- 
ing the conatructive product of water-work and plant- work for thousands of years; 
the mantle of brown loam, most eicelluut of soil stuff's, is cut through and carried 
away by corrosion and sapping, leaving in its ateail the inferior soil stuff of the La- 
fayette formation. In such cases the destrnction is irremediable by human craft 

the fine loam once removed can never be restored, Tbe area from which this loam 
is already gone is appalling, and the rate of loss is increasing in a geometric propor- 

The formation of detritus and deposit in the river beds may also 
become the cause of daJigerous floods in the larger streams for tUe 
amount of rock material and soil which the rivers carry is one of the 
most potent factors in their water flow. 

Since this detritus is deposited wherever tlie velocity of the water 
sinks below that neceswary to carry it, forming sand banks and rubbish 
heaps which obstnict and change the direction of the run, it plays 
quite an important pai't in shaping the bed of the river, besides in- 
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fluencing the whole system of dependent brooks and rivers. The na- 
ture and shape of the detritus — whether fine sand or earth, smaller or 
larger rock masses, stones, roundish, square, or fiat — cause much di&er- 
ence; aud this in turn depends upon many conditions, geological and 
climatical. 

According to the nature of the rock from which it is derived, the 
detritus appears tu differeut shapes, and again changes in form dur- 
ing its flirther transportation by the waters in different ways, and 
therefore exerts a varying influence ui>on the run. Thus the detritus, 
which appears in large plates or shales, is carried more easily than the 
square or round rocks; the fonner, oven when deposited, hinders the 
flow of water between the plates but little, and thesefore gives less 
cause for stow water than the heavy square rocks, which resist the 
transportation aud obstruct the flow more effectually. 

Sand and gravel detritus is easily carried", easily accumulated, and 
again with a new flood easily removed ; it ofl'ers, therefore, little resist- 
ance to the flow of water, but becomes objectionable in tilling the lower 
channels of rivers, etc, 

Clay detritus, although easily carried, is apt to rompa<;t and cement 
the rock detritus together, and thus becomes one of the worst impedi- 
ments of water flow and is the cause of the worst dangers from flood 
waters. 

From these examples it is apparent that two rivers, although undep 
similar conditions of rain fall, jihyaical conditions of soil and topogr 
rapby, may yet show dift'erent behavior, according to varying char- 
acter of the detritus. 

As we have stated iu the beginning of this chapter, the underground 
drainage gives to rivers their permanent regime, while the surface 
run off gives to them their rapid variations of stage. 

According to whether a river is mainly supi)lied by surface waters 
that run in trackless courses aud open runs over the slopes into its 
bed, or whether it is supplied by underground waters, its water condi- 
tions must follow a different coiirse, fltfulin theflrst, even in the second 
case. Few rivers depend on one of these sources of supply alone; 
most of them are supplied in the diff'ereut parts of their course by both, 
so that a stream may begin as a torrent and later in its course ffnd 
additional supplies from springs or ground waters — or the reverse may 
take place, being originated by a spring, it may have no other addi- 
tions except from surface waters. 

The greater the proportion of the supply by surface run-ott' the more 
liable to disturbances must be the flow. Finally in a larger river, like 
the Ohio or Mississippi the question of floods becomes still further 
couii)licated. For here not only the r^gim^ of the main river, but also 
that of all its afflnents and the topographic, stratigraphic, climatic, and 
surface conditions of their catchment basins become elements of dis- 
1244i— No. 7 11 
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tnrbance. Here tbe comparative lengths of the affluents alone may 
become all important, sinc« the simultaneous or Donaimaltaneoas 
arrival of flood waters may determine the occurrence or noDoecurrence 
of high floods. As far as forest cover is couceraed in such cases, 
deforestation in one of the side valleys and consequent rapid discharge 
may become an advantage for the waterflow in tbe main river, by allow- 
ing its removal before the arrival of the flood waters of another afSaeDt. 
In view of these considerations it would, therefore, be folly to assign to 
the condition of forest cover in the catchment basias an all determinative 
ttinction. Nevertheless, in general the influence of favorable forest 
conditions in tbe catchment basin upon river flow can not be doubted, 
although it may become practically of no account in abnormal floods. 

The first cause of abnormal floods is the occurrence of abnormal rain- 
I'allsor the sudden thawing of abnornml masses of snow. If the former 
occur after the soil has been satiirated, or the latter when the soil . 
remains frozen, the forest cover will be powerless to influence the run- 
ott' and will shed the water as rapidly almost as the open ground, 
although even the brief retardation of the confluence of water masses 
which the obstacles of a forest growth-cause may be of moment. 

But in its further course the drainage of this water, collected in the 
rivers is favorably influenced by the presence of the forest, it having 
prevented the formation and deposition of detritus yi the river bed. 

The beneficial influence of the forest in case of abnormal floods can 
then probably be claimed only in so far as it protects the slopes 
against abrasion and tbe formation of d6bris or detritus with which 
the upper head waters are filled, and which carried down into the 
rivers gives rise to sand banks and changes in the river bed which may 
increase the dangers of the next fioo^. 

EXAMPLES OF THE INFLUENCE Of TORESTS ON WATEBFI-OW. 

Besides the detail experiments, which are to fnrnisb explanation of 
the physical laws upon which differences in water drainages occur, 
there are constantly accumulated experiences. Especially in France this 
question of forest influence on waterflow has been answered by practi- 
cal demonstrations. To bring it, however, to a final solution, st}ecial 
bydrograpfaic surveys and statistics, such as are now contemplated in 
Germany, will be necessary. A first attempt at such a work is the hydro- 
graphic description of the Khiue, a model work compiled by the agency 
of the various governments whose lands border on that river, published 
in 1889. This, however, was too comprehensive a field, and more de- 
tail measurements and observations would promise more striking re- 
sults. Tbe conclusions &om this survey, and a more detailed one of tbe 
Hauensteiner Alp in the southern Black Forest mountains, are that tbe 
comparative absence of damage from high floods in this Alp country, 
when compared with neighboring valleys, may be ascribed to the forest 
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cover, occnpying 51 per cent of its area, and the general observation is 
coodrmed that the presence of well-kept large forest areas at the head 
wateia in the moantains has a favorable inflnenc^ npou the water 
stages in the water channels and per ceut of erosion and formation of 
detritus to an appreciable extent. 

One int«reating detail hydrographic survey, which has in view to 
establish relation of forest cover to river, is published by Daockelman, 
It refers to the river Wupper, an afBuent of the lower Rhine from the 
Bbenish state monntains. It was made in connection with the con- 
struction of a dam to regolate water supplies. Three catchment basins 
were under consideration, two of these, although containing 32 and 
39 per cent woodland, are reported asdevastated and especially robbed 
of their soil cover of litter and humus, the third containing near 50 per 
cent of well-kept dense forest. 

From the detailed observations and measurements there was not ob- 
servable any influence of forest conditions on the average daily and min- 
imum flow, but in case of high water the daUy flow was most decidedly 
Influenced, namely, a diminution or retardation occurred in the well- 
wooded basin: in July, by 55 per cent; in August, by 34 per cent; in 
November, by 28 per cent; in March, by 21 per cent. It is stated in 
addition that the well-forested basin had a larger amount of rainfall 
and steeper slopes, a narrower valley, and was, therefore, comparatively 
more unfavorably situated. 

An interesting note as to the amount of retardation which may be 
produced by the artificial means employed in the French Alps for reg- 
ulation of waterflow, namely,fof est planting in connection with overflow 
dams, is given in M. Mathieu's work Reboisement in France. 

Th« two basins of Faucon and Bourget were visited by a t«rrible 
downpour of rain of twenty- five minutes' duration. In the upper moun- 
tains there fell 42 millimeters, in the lower regions ,12.3. The torrent 
of Faucon (which was in a devastated, deforested condition, but other- 
wise topographically similar to that of Bourget) was at once tilled with 
flood waters which were estimated to consist of 60,000 cubic meters of 
water and 180,000 cubic meters of rock material or detritus, the flood 
subsiding in two hours. 

In the torrent of Bourget, which had been reforested and corrected 
in its bed, a simple, somewhat turbulent run of water was observed, 
which at the overflow reached the height of 43 ceutimeters (18 inches) 
and lasted about three hours. The report continues: 

These facts show the importsDoe of the forest cover. Thanks to the dense forest 
growth planted, the flood waters, divided in numberless ruDs and retarded coDstaotly 
ID their movement over the declivities in the npper basiD, arrive only successively 
and little by little in the main hed, instead of those foimidable masses of water and 
d^hiis which, rapidly agglomerated, rush into the channel ; the brooks called to re- 
place the torreute receive only pure water; flood waters flowing off gradaallj and 
inikle honnleas by the regulation of the torreot hed and gf tlie slopes. 
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la the department of L'Herault, ia the CevenneB Moantains in 
southern France, the following calculation waa made of the amount of 
water retained by the forest cover after a heavy storm. 

The liaain of Lampy, oompiising 1,600 acres, of which more thtto 50 per cent are 
under foreat, the rest ia grass aud field (6 pe^ cent), rests on impermeable granite 
and quartz rock with a lajer 2 feet deep of riuli hiiinus soil. All the water falling 
must pass iutu a reservoir formed by closing the ralley with a dam which stores the 
water to a height of 51 feet. The reservoir, nearly 100 years old, has never needed 
to be dug oat, which i8 mentioned as a sign of the absence of soil erosion. When 
full all the water milat pass over the dam in an overflow race, which permits a toler- 
ablyexaot calculation of the discharge of water from this reservoir. The discharge 
throagh pipes and overflow in one year (1S60) atuonuted to 4,060,038 cubic meters, 
while from the record of one rain gauge at the reservoir situated, therefore, at the 
base of the elevations which rise to 1,000 feet above it, the rainfall was calculated 
6,837,350 cubic meters, probably on account of the position of the gauge an under- 
statement, showing, therefore, that not less than one-third and probably as much aa 
one-half of tbe tainfatl had been retained in the soil or evaporated. 

On two days (July 28 and 29, 1863) there fell on this area of 1,600 acres, according 
to tbe rain gauge, 530,500 cub. m. of rain. Before the rain the reservoir was full to 
high-water mark, and the overdo^, the only means of discharge open, had been 
delivering for days 3,936 m. or 45 liters per second, which must, therefore, be con- 
sidered the natural discharge of the basin. 

After tbe rain the water level lose 8 inches and the discharge was: 

CuUo melcn. 

July 29, aorning and evening j. . 30,504 

30, morning and evening 28, 8W 

81, morning and evening 7,873 

Aug. 1, morning 7,872 

S, evening , , 4,920 

Total in live days . - , . , , - 80, 032 

Attheondof the fifth day the water level had returned to its forme^ height aiid the 
discharge the next day was again 3,936 c. m., which it maintained for three months. 
Jf we deduct from the discharge of 80,033 o. m. the water that would have been Uis- 
oharged during these five days without the additional rainfall, namely (5 X 3,936=) 
19,680, there remain 60,000 e. m. round, which without doubt w^re furnished by ihe 
two storms, and since the total fall had been at least 500,000 o. in. it follows that 
more than ejght-ninths Qf the taia was absorbed and he^d hy the soil tq bp deliveTe4 
gradually, 

la a neighboring basin, that of Salagou; of 16,761 aores extent, with 
just 10 per cent wooded, also on impermeable rock (permian), but the> 
soil otherwise considerably washed and thin, observations could not 
be carried on with prevision. But while the discharge of this much 
larger basiu in ordinary times is calculated at not more than 20 to 25 
liters per second, after a storm the discharge into the rtyer is almost 
immediate aud has been observed to rise to more than 600 o. m. per 
second. 

Of examples in this country we may give the following as coming 
from good authorities and well substantiated. 

la a report to t^e Chief of Engineers of the War Departmeiit in 
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regard to a survey of the Savanuali Eivef, made by ordet of Con- 
gress, it is Baid : 

Kepoita upon the SaVannab Talley at)d River at Augusta of about the feu 1773 
show the Bavanuali to have been a clear, rapid stream, full of excellent fisliand sub- 
ject to DO sudden oT marked cbabges of height. This was previous to the destruc. 
tion of the forests and the opeuing of larRe tracts of laud to the plow. Now the 
stream has become turbid ; the fish, I am told, have uearly deserted the lower waters, 
and sudden Bud marked changes of the water level are the Tule. 

Maj. Charles W, Kaymond, in a report to the Chief of EDgioeerH, oli the 
weetbrauch of the Susquehanna River ami the practicability of improv- 
ing its navigation and of confining its waters, in timea of great flood) 
to the general course of its channel, attributes as the principal cause of 
the excessive high and low stages of this river the progressive destruc- 
tion of tbe fol'ests from the mountain crests and slopes of its watershed, 
and in discussing the means of protecting the river valley from inunda- 
tion iu the future, says: "Most important of all, such forests as yet 
remain upon areas not valuable for cultivation, especially near the 
head waters and the upper slopes of the basin, should be protected." 

The New York Forest Commission, speaking of floods in the Adiron- 
dack region and the influences of forests iu relation to tbem, say: 

In tbe uplands of the preserve there are many densely wooded traets adjacent tt> 
others from which the forests Imve been stripped. The residents agree that in the 
former floods are unknown, while in tbe latter they are a yearly occurrence. Their 
appearance was coincident with the disappearance of the woods. It was then 
noticed that tlie bridges, which for many years had sufficed to spnu the strenms 
during heavy rains, were no longer safe, and new ones with longer spans became a 
necessity. 

They refer also to the effect of the removal of the forests in the 
Adirondack watersheds upon the navigation of the canals of the State 
and the whole system of inland commerce. They say: 

With the clearing away of the forests and the burning of the forest floor came a 
failure of canal supply that necessitated tbe building of costly dams and roservoirs to 
replace the natural ones which the fire and ax had destroyed. The Mohawk River, 
wliich for years had fed the Erie Canal at Rome, failed to yield any longer a suffi- 
cient supply, whereupon the Black River was tapped at Forestport, and its whole 
volume at that point diverted southward to assist the Mohawk iu its work. 

The superintendent of public works of the State has also called 
public attention to this subject several times. In the report for 1882 
he saya: 

The importance of the preservation of the woods iu the Adirondack region in con- 
nection with the water supply of the canals can not be overestimated. With the 
continual cutting away of the forests and the burning of tbe forest floor, the decreas- 
ing water supply ha» become painfully apparent. , Should this continue, the result 
on the canals would be disastrous. 

Another interesting and impressive example of changes in conditions 
of water flow is given in connection with the Schuylkill River. During 
tlie last sixty or Bizty-five years this river has shown a marked diminu- 
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tion ill its minimttm flo^. Iii 1816 this flow was estimated at 5O0,(>O0,= 
000 gallons per day; in 1825, at 410,000,000; in 1S67, at 400,000,000, aOd 
in 1S74, at 245,000,000. Id regard to tbis a commissioii of engineers 
say in tlieir report iu 187fi: 

This remarkable decrease, Dot being accompanied bj any groat change in tfaa 
rainfall, nor probably in the total annnal discharge of the river, ia no doubt largely 
doe to the destraction of the forests iti the drainHige area, whereby the conaervative 
action uf the woodland haa been lost, and the rainfall Is permitted to deacend rap- 
idly to the bed and pass otF In a sncceasion of freshets- 
Ill tlie year 1881 tLe State of Kew HampsMre established a forest 
commission, who were instructed to inquire, among other matters re- 
lating to the foreats, into "the effect, if any, produced by the destruc- 
tion of our forests upon our rainfall, and cousequently upon our ponds 
and streams." In tbeii' report, made i ii 1885, the commission presented 
a summary of the large number of replies to their inqniries. These 
replies came from all part-t of the Stated From the summary the fol- 
lowing citations are made: 

Beginning with the sunthern portion of the State, and with the town of Bich- 
mond, attention is called lo a small stream tbere, which in IHS^ fnmished anfficient 
power for four sawmills nearly all the year, bnt wtiicb begun to dry up witfa the 
more rapid removal of the timber uccaeioned by the introdnction of steam ae an 
anxiliary power. The water and the woods have disappeared together, and the 
saniH is the ease in othttr portions of the town. 

In Fitzwilliam and Kludge the same resnlts have been reached all the more rap- 
Idly because uf the nearer pioxiuiity of these towns to a market. Well-known 
trout streams, once abundantly stocked with iiah. ace now dry half of the year, 
and the treeless ground and naked rocke along their banks and ahont their sources 
are considered a sufficient explanation. 

The chairman of the board of selectmen in Henniker, who has given mnch atten- 
tion to the subject, is confident that the water in the Contocook River has decreased 
fnlly one-third witbiu even twenty years, and that the tributaries have fallen off 
still more, many being nearly dry in the aummer. During this period $75,000 worth 
of timber has beeu cut within this one town. In the sarrounding towns, also, the 
timber has disappeared with eqnal rapidity, and the water anpply has aerionsly 
decreased. 

The report from Bow, which covers a period of fifty years, within which most of 
the timber has been cut off, and that from Hopkinton, which covers a period of 
aixty years, both tell the same story of uaked hillsideH and dmiiuiahed atreama. 

At Hanover the Connecticut River for many years has beeu decreasing in volume, 
and with increasing rapidity the timber from its bead waters has been Soating by. 

Ill Canaan uisty-live years ago there were nine ui' more mills of different kinds; 
abundant water power all the year around ; no thought of reservoirs or doable 
dams, or precautions against drought. Canaan street, now covered with a firm, dry 
sod, waa laid out through a swamp, impassable but for the hummocka and fallen 
trees, while dense forests of giant trees covered the hilts. The writer who fur- 
nishes the above ffl«:ta, a native of the place, returning after au absence of thirty 
years, found the hills and rocks bare, the springs choked up, and the mills obliged 
to resort to atenm power or lie idle. 

The great mountain region of the State lies in contiguous parts of the conntiee 
of Grafton, Carroll, and Coos. The niiinberless atreama orij^itiatitig in this region, 
protected by the primitive forest, might be thonght to be beyond any disturbing 
eaaatm. bnt snch U not the case. The town of Littleton dependa apon the Ammo- 
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nooanc for its water power, bat three of its oldest citizens t«stify that this power 

has diminished one-third within fifty or aiitj years. Tbe mountain forests durlDg 
this same period have l>een encroached upon as never before, and it is not snrptla- 
ing that so commonly these two facte are aagaciated as cause and coosequeuce, 

Coos County contains more of the first growth of tiraber than any other portion 
of the State, In the midst of this region are the sources of the Connecticut, An- 
drosco){giii, 5ac!0, and their many tributaries, and a diminished watrer supply at 
this poiut is felt throughout the nonrse of these important streams. The repori: 
from Jefferson is that the older inhabitants agree that the streams are smaller than 
formerly. An intelligent observer at Berlin, on the Androscoggin River, makes the 
following important statements, covering a period of twenty-six years. Within a 
radius of 4 miles &om his residence are eight streams or brooks aud two ponds, and 
the water in each during the above period has materially diminished. As an illus- 
tration of the connection between the removal of the woods and this diminished 
supply, he adds that " six years ago he supplied his stock with water ftom what was 
then an unfailing brook, by means of an aqueduct which furnished 300 gallons per 
hour. Now that the trees along the stream have been destroyed by the woodman's 
ax and by forest fires, his water supply is cut short in summer by drought and in 
winter by frost. Hundreds of acres of timber have been cleared within these six 
years in the same vicinity." 

At Lancaster, the county seat, on the Connecticut river, an old resi- 
dent reports — 

an alarming decrease in tbe water of the streams and springs dnring the past sixty 
years, and especially daring the last twenty-five years, within which period the 
smaller timber also has been removed. Israel's River in his boyhood was a large 
mill stream 8 or 10 rods_ wide, with sufficient water to carry a very large amount of 
machinery the year round. Now it is an insignificant stream, with, from May to 
November, not more than half the water it had fifty years ago, and not more than 
two-thirds there was twenty-five years ago. Other streams have suffered in the 
same way, and the springs have, if possible, suffered more than the streams. Many, 
once thought to be never-failing, are now for long periods dry. That the cutting 
off the forests accounts very largely tor this change ho considers as sure as that 
effect follows cause, and the result is hastened by the reckless methods in use. In- 
stead of cutting timber that is matured, everything is cut to the size of 5 or 6 inches 
in diameter, and what remains is cut into firewood or burned at once, leaving a 
dreary waste. 

In conclusion the commissioners say: 

While the statements given above prove beyond doubt the steady diminution of 
our water supply, and show what la the commonly received explanation of this 
state of things, a few of the towns heard from, and these mainly in the southern 
part of the State, report no very marked variation in the amount of water iu ponds 
and streams for a considerable term of years, and an increase rather than a diminu- 
tion in the amount of woodland. Much of this woodland, however, is the young 
growth, brush wood only, which can not for years protect the ground from the dry- 
iug effects of sun and wind, as did the older woods; and, besides, from its relatively 
greater amount of foliage, evaporation proceeds all the more rapidly. That our 
wooded districts here and there are on the Increase oan not, however, alter the force 
of the facts which confirm the more commonly received opinion as to the general 
condition of things within our limits. If in any instances the decrease iu water 
power has been checked or averted, it is all tbe more important to know how the 
result has been reached, that tbe same means may be used elsewhere. In every cose 
this means has been connected with the preservation or restoration of the forests. 

On one point there is no diviaion of opinion. It is not iu the open ground, but be- 
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nenth the treen, that tbe moistiiTe and the snow accniuiilate, anJ are slowly and surely 
Hupplied to the HpringB ftiid iitreams, which then have a perouuial flow. Lettfae 
Kamo gTouud he deprived of its shade and tbin exposnre to the sdii hastens evapora- 
tion, and the rain and melting snow lapldl; pasH off through the water conrses be 
fore any safflcieiit qaaiitity cau reach the permanent reservoirs nnder the surface. 
The snow ou the exposed hillside may be swept off entirely by th« viudj and even 
when any considerable portion remains, much will evaporate, and after al! be lost to 
the soil and the springs. The soil itself is often washed olT, and the exposed rocks 
given over to perpetnal barrenness. 

In confirmation of tlie conclusions of the New Hampshire forestry 
commission may be appropriately cited the statement made in the New 
Hampshire Geological Keport (vol. I, p. 124), that when in the central 
and sonthern portions of the State tJie hay crop has been cut short by 
drought, it has been known t^ be above the average in the northern 
part, even with less rainfall, and as a reason it is claimed that the 
. forests in the northern section have secured a better distribution of the 
results of rainfall and melt«d snow. 

B. W. riper, in his Trees of America, gives this illustration as com- 
ing under his own observation: 

Within about one>baIf mileof my residence there is a pood npon whicbmiUshave 
been standing for a long time, dating back, I believe, to the Drst settlement of the 
town. These have been kept in constant operation until about twenty or thirty 
years ago, when tlie supply of water began to fail. The pond owed its existence to a 
stream which lias its source in the hillH which stretch some miles to the south. 
Within the time mentioned these hills, which were clothed with a dense forest, have 
been almost entirely stripped of trees; and to the wonder and loss of the mill- 
owners, the water in the pond has failed, except in the season of freshets, and, what 
was never heard of before, the stream itself bas been entirely dry. Withiu the last 
ten years a new growth of wood has sprung up on most of the land formerly occu- 
pied by the old foreHt, and now the water rnns through the year, notwithstanding 
the drought of the last few years. 

A gentleman in eastern Massachnsetts makes the following state- 
ment: Having made a contract to sapply an extensive nail factory with 
kegs in which to pack the nails made, lie purchased a timber tract in 
southern Vermont, through which ran a stream. Upon this stream he 
erected a sawmill and began to cut the timber and make it into kegs. 
It was uot long before the amount of water in the stream was les- 
sened to such a degree that he was obhged to erect another mill below 
the first, and thus aa^ the water a second time in order to maintain the 
requisite power for carrying on his business. 

It is a well-known fact that the flow of water' in the Hoosick and 
Housatonie rivers, in western Massachusetts, has become so irregular 
that the mill-owners on those streams have been obliged to make stor- 
age basins in which to hold the water of the spring floods for use in the 
summer, or else tn equip their mills with auxiliary steam engines. The 
result is claimed to be due to extensive deforesting. 

Mr. David Thompson, of Cincinnati, said to the American Associa- 
tion for the Advancement of Science, in 1881; 
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(t ia lint unusual to And iu many localities the l>eda of what were once impnrtSDt 
mill streams, waterless, except when filled l>j Biiddeii freaheta, and in Ohio certain 
streams emptying into tlip lake, wliiob were ouce declared navigable, will not now 
float a canoe. Previous to 1833 Capt. Delorac, of Hamilton, Ohio, annually sent a 
fleet of flathoats down the Big Miami River at the spiing riau; but with the de- 
strnction of the foresta along that river the rise became so unc^ertain that the enter- 
prise was of necessity abandoned, 

A fiirmer in Ulster County, N, Y,, gives tlie following testimony on 
the subject before ub. He had cut an acre or two of trees on an ele- 
vated portion of his farm. In giving the result he says : 

My first loss was the drying up of a beautiful brook which had its sonrce In my 
grove, and which ran throu|;b a number of fields, furnishing water for cattle while 
grazing. Five times the value of the wood I sold Would have been refused for this 
stream. In the vicinity of the place where the timber stood the ground became dry 
dnring the anmmer. When ruin fell it did not seem to be absorbed, the water ran 
flown the hillsides, making great gullies and doing much damage, while the fields 
through which the brook flowed did not yield as good crops. I am now a strong 
believer iu the valae of woodlands on a farm. 

A gentleman in Onondaga Connty states that the streams in that 
county have visibly failed since his boyhood, though he is not yet 40 
years of age. There was at Conkliug's Falls, he says, a grist and saw 
mill which in his youth had a plentiful supply of water. Then it grad- 
ually diminished. At first a spasmodic Sow was marked ; heavy fi'esh- 
et« in spring, then low water in summer, until the water failed and it 
was necessary to niu the mills by steam. So at Pratt's Falls, a few 
years ago the flow of water was abundant. The story was repeated 
there, violent freshets in spring, followed by the usual failure, until 
now, in summer, hardly a pailful runs over the falls. In this latter 
case there was formerly a swamp, some 5 or 6 miles above the falls, 
which has been reclaimed and all the trees and shrubs cut off. All 
these changes have ow-urred within fifteen years. 

Ex-Governor Davis, of Maine, gives the following statement in re- 
gard to the effect of forest removal on the flow of streams, in a ease 
with which be is well a<;quainted: 

TheKeaduakeagRiTerempties into the Penobscot at Bangor. The a tre am rises some 
BO miles from its month, one branch in the town of Dezter, and another in the town 
ofCorinna. I am told that fifty or sixty years ago there was a cuntinnous flow of 
water the year round in this atream.aud at the town of Kenduskeag, 12 miles north- 
east of Bangor, were situated large lumber mills on both sides of the stream. The 
water-flow waa sufficient to Oftrry tbem the year ronnd. But during the past half 
century the land along the shores of the stream has been cleared throiighont the 
greater part of its course. The result is that we have heavy spring ilresbets, also 
heavy feshets in the fall, sometimes doing much damage. I recollect, a dozen years 
ago or more, when living in the town of Corinth, through which said stream flows, 
almost every bridge on the stream was carried away in the month of March. Now, 
aft«i the spring freshet subsides, the water falls rapidly until it dwindles to a very 
small stream, not one-half the amount flowiugduringtbe summer months that did 
fifty yeara ago. 
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Mr. Abbot Kinney, of California, au intelligent observer, gives the 
following recent testimony in regard to a particular field on his estate: 

Tliia field woa cleared of a deDse bnisb ^rowtb, about 15 feet high, which, in Cali- 
foroia, is called chaparral. When first cleaned the soil was quite dark in color and 
full of vegetable detritaa. 

For two years no special care waa required to prevent gullies forming irom the 
fains. The rain-lioldiug power of the field has coDBtautly diminished, cross furrows 
have now to be carefully prepared and maintained daring the raiuy season. A sharp 
rain now runs off without doing ranch good where it formerly soaked in. The dark 
color has gone and the soil is now a plain red. It packs hard now, after every rain, 
wheu formerly it did not pack at all, except in a pathway. On the edge of the 
bluffs where the brush was left the old conditions prevail, T was doing some work 
along these blufif edges and found that I could sbovel the dirt easily after cutting off 
the brush, but on the cleared laud adjoining where the plow had missed, near tb« 
edge, the ground was so hard as tu require a pick. 

In 1885 the Ohio State Forestry Bureau issued circulars to its cor- 
respondentB tluxtughout the State making inqnirieB in regard to tbe 
observed influence of clearing the forests upon water supply. The re- 
plies received are published in the first annual report of the bureau 
and will be found quite in harmony with the testimony above given. 

Such reports as these can be multiplied from every section of our 
country, and, while there would always remain the onus of proof that 
the change of waterflow and forest conditions were in causal relation, 
it is difficult to conceive of any other causes for these experiences over 
so widespread an area, than tbe change of surface conditions due to 
deforestation, especially the burning of the forest floor. However 
questionable the position of forest cover as a climatic factor, its rela- 
tion to waterflow and soil conditions is attested by experiences lu all 
parts of the world. 
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By B. E. Fernot. 



[The subject of the sanitaiy significance of foreBts has been recently 
reviewed by Dr. B. Ebermayer, the well-known physicist at Munich. 
Other inveati^tors have also contribated new material toward the 
discussion of the subject. Especially the two Italians, Serafini and 
Arata, inyestignted the influence of forests on the quantity of micro- 
organiams in the air, and Dr. Puchuer investigated the contents of car- 
bonic acid in the atmosphere under varjing conditions. 

Ebermayer sho'ws that the oxygen exhalation of a forest in propor- 
tion to the consumption by man is insignificant. He figures that a 
&inily of four persona would require for respii-ation, in the burning of 
the necessary fuel, the oxygen exhaled by 2J acres of forest. The hy- 
genic significance of ozoiie he doubts. Puchner shows that the air in 
the forest contains generally more carbonic acid than the oi>en, due to 
decomposition of litter. On the other hand, Ebermayer shows the air 
in the forest soil to contain less carbonic acid than that in the field soil, 
three fourths times less in winter and five-sixths times in summer; this 
is explained by differences in moisture conditions. But, like sea and 
mountain air, forest air is freer from injurious gases, dust particles, and 
bacteria. Furthermore, the shade and the processes of assimilation 
and transpiration have a cooling effect in summer, a warming effect in 
winter, hence estremes in temperature are checked. Protection against 
winds and extremes of temperature which the forest offers is cited as 
desirable for the location of sanitaria and Dually a tribute is paid to 
psychic infiueuce, and the hygienic significance of the forest is pro- 
nounced as Bcieotiflcally established. But of much more imiiortance 
tiixa the air is shown the forest soil, espeoially since cholera, typhua, 

'These notes ate based on the following publications; 

Dr. B. Ebermayer, in Wollny, IHSO : (1) Hygienic Bignificance of forest air and 
forest, soil, {2) £1: peri men ta regarding the significance of humus as a soil oonstit- 
nent and inflnence of forest, dift'erent soils and soil covers on composition of the air 
in the soil. 

Dr. B. Puchner: (1) InvesligatioDS of the carbonic acid contents of the atmoa- 

Serafini and Arata : (1) Intorno all 'azione doi boschl sni mikro otganismi trans- 
portsU dai venti. 
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yellow fever, and malaria are, aceording to Dr. Pettenkofer " soil dis- 
eases of miasmatic origin," In tliis connection a distribution must be 
kept in vietr between those organisms wliicli are disease producers, 
pathogenic, and those whicli are more or less harmless parasites. The 
latter, Saprophytic bacteria, it must be kept in mind, thrive on decom- 
posing vegetable and animal matter; but pathogenic bacteria thrive 
best on living organisms, although they occur also outside of them, 

The conditions for the favorable development of the pathogenic 
bacteria Ebermayer discusses at great length. The facts are stated or 
established by him that the vegetable components of the forest soil 
contain less nutritive matter (albuminoid, potash, and phosphates and 
nitrates) for ba^iteria growth; that the temperature and moisture coo- 
ditious are less favorable; that the sour humus of the forest soil is an- 
tagonistic to pathogenic bacteria; finally, that so far no pathogenic 
microbes have ever been found in forest soil, hence this soil maybe 
called hygicnically pure. 

Only when upper soil strata dry 6ut and a wind, forming dust, 
sweeps over them are microorganisms carried into the air; hence, with 
less air movement in the forest, we would expect fewer microbes in the 
tbrest air. This expectation is realized in the investigation of Sera- 
flni and Arata, who tabulate their countings of bacteria, divided iuto 
three classes — molds, liquefying, and nonliquefying bacteria for 40 suc- 
cessive days, from May 6 to July 8 — and find, that with one exceptional , 
day, one or two of these classes were always less numerous in the for- 
est than on its outskirts and generally from twenty-three to twenty- 
eight times less. 

With these detail investigations are in accord the general observa- 
tions in India, where villages surrounded by forests are never visited 
by cholera, and troops are being withdrawn into forest stations in order 
to arrest the disease which it has been found is invited by removal of 
forests. Extensive moots, which exhibit similar unfavorable soil con- 
ditions, have been observed to give the same immunity from the disease. 
With regard to yellow fever the same observations have been made in 
our own country. 

If it is considered, says Ebermayer, that the coma bacillus which 
produces cholera makes great demands in its nutrition and belongs to 
the most sensitive bacteria, especially setisitive against free acid, being 
destroyed by acid stomach juices, that when dry it dies quickly and is 
readily attacked by decay-producing bacteria, that it prospers best in a 
temperature of 86° P. tol940F., and ceases to grow when thetempera~ 
ture sinks below 54° P., the protective iuHueuce of the forest is readily 
explained. 

Malaria has been shown by Marchiafava and Celli not to be a 
bacterial disease, but to be produced by parasitic protozoa, called by 
these authors " Plasmodia," which are formed in the red blood corpus- 
cles and when inoculated upon healthy people produce the disease. 
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Altliough their exterior existence is unknown they prob 
eome from the soil, and probably, also, warmth or wet soil, pei 
changing to dry in the upper strata, are the best conditions 
development. As long as the water covers the soil there is, t 
no danger, which only begins with the recession of the same 
admission of air necessary for the development of the plasmod 
accumulate then near the soU. Since they can not rise v 
houses placed on hills within maJarial regions or high above th 
are free from the disease. 

The same reasons which make the forest conditions unfavt 
bacteria growth, namely reduced temperature and moister s 
more ready drainage usually, as well as the absence of dust a] 
laising the same and the filtration process shown by Serafina 
the bacteria coming from the outside are reduced in unmber, 
reasons tbr the observed beneficient effect of forest plantation 
larial districts, such as the Carnpagna Bomana, 

Finally, a word on the value of larger parks in cities. Whil 
not, according to these expositions, purify the air directly by 
tion of the leaves, as has been claimed, they certainly establis 
i-ents that may bring fresher air to the ground; but their 
function consists maiidy in reducing the temperature by th< 
and in furnishing better drainage conditions of the soil and ] 
the same by absorbing the results of decomposition from anil 
ter, and lastly by preventing or reducing at least dust and wil 
teria in tbe air, keeping it purer ibS/U it would otherwise be, 
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Appehdix 1. 



DETERMINATION OF THE TRUE AMOUNT OF PRECIPITATl 
BEARING ON THEORIES OF FOREST INFLUENCI 



The accurate measurement of rainfall, or the coofldence 
m the raiofall data that »re lieing accumalat^d ia such i 
ties, is a matter of profound importance in climatology, in 
and even in storm predictions. This subject excite* mu( 
tion in the pubhe mind, since the comparison of the aucie 
cut condition of Asia, Europe, and America leads to uianj 
as to our own future; it is therefore eminently worthy 
ment and critical discussion. We must be satisfied as to 
reliabihty of our data before we use them in attempting 
Buch queries as are suggested by thoughtful men and sue 
fact discussed st a receut symi>osiiim of the Philosophic: 
Washington upon the question **Do forests affect rainfall' 

On that occasion extensive statistics were presented by : 
bers of that society, but it seemed to me that certain otho 
tal questions which are discussed in this paper must be i 
we desire to get at the exact truth in regard to this matte 

The question, "Whether forests affect raiDfaTl!" can apparent! 
from aeTeral sidea. Some are satisfieil to appeal to deductive reas 
proving tliat the forests oaj^ht to affect rHinfall, and their argnmo 
plaosibilitf ; others ate satialied to appeal to the hiatoric.il evidence 
dried-up streams of Europe, Asia iind America, and the dcscrtu that 
dens. But the instrumental meteorologist and the observer who k 
gauges have been carefully observed here and there for the past 300 
the first gauges were used by Leonardo i]a Vinci, still natural! 
records of the many stations that are accessible to us and expect i 
very definite etatistical answer that can be relied on quantitatively a 
tatively. 

Such rainfall records must he the ultimate test of the truth of a 
bat the question is one of considerable difficulty since we have to de 
quantity by means of observations that may be liable to targe error 
«B8ary to be on our guard against fallacious reasoning and agaiust 
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draw coQclnstons finer than the data will warrant, Tu this end the law of atrors 
or the calculus of probabilities mnstbe appealed to. Mj preseot study relates prin- 
cipally to subjects of fandamental iiuportanoe, namely, the accnracy of the indi- 
vidnal Htatiatics and the variability of distributioti of raiufnll clironologically and 

geographically . 

BEIATIOS OF PATTEKS AKD ALTITUDE OF 



With regard to the accuracy of rainfall meaaurementa viewed aimply as com- 
parable data, two matters have been studied experi men tally, namely, the size and 
style ot the gauge and the altitade above ground. Witi regard to size it is satis- 
factorily shown that no error of more than 1 per oent systematically attaches to 
gauges of the ordinary forma and of diameters anywhere between 4 and 44 inches. 
With regard to the altitude it must be conceded that for a hundred years it has been 
known in a general way that observattous by gauges at various heights above the 
ground are not comparable with each other. The remarkable induence of altitude 
was first brought to the attention of the learned world by Heberden, who, in a me- 
moir in the transactions of the Royal Society of Loudon, in 1769, stated that a gauge 
on Weatminster Abbey over 150 feet above the ground caught less than half as much 
aa a gauge at the ground. Since his day nuuieroiis others have instituted similar 
observations in their respective localitioe. Usually they have been satlstied with 
observing only one or two elevated gauges, but of late years, in order to fully eluci- 
date the subject, more elaborate neasureniouts have been made; thus Phillips and 
Gray, at York, England, have observed at eight dilfereut altitudes including the 
gauge 00 the t4)wer of York Minster. 

Bache, at Philadelphia, observed four gauges on top of a eqnare tower, and four 
others on poles above them; CoL Ward, at Caloe House, Wiltshire, observed teij 
pairs of gauges at elevations of 20 feet or less, each pair consisting qf an 8-inch 
and a 5-iucli gauge; Bates, at CasMetoD Hoor, similarly observed ten pairs of 
gaugee; Chrimes, at Hutherhani Reservoir, aix gauges, at elevations of 25 feet or loes ; 

( () at IJansker, foi^r D-i])ch gauges, at altitudes of 10 feet or less ; Wild, at St. 

Petersburg, sis 10- inch gauges, at altitudes of 5 meters or less, and one at an altitude 
pf 25 meters. A very laborious series of six or eight gangea at altitudes of 10 feef^ 
or less has, to njy knoiyledge, been carried on for some years by J''itzgerald, aJCheatr 
put Hill, ijear Boston, hut the results are t)ot yet published, 

It will be seen, therefore, that abundant observational <lata are at hand for the 
elncidatiou of tl|e peculiarities of the raiit gauge, and the results that can t>e deduced 
from auch data command our iu mediate attuntlou. Whatever mystery has hitherto 
attached to the undoubted faot that elevated gauges catoh leas rain is now fully 
fliplained away. Th's phenomenon ia of t^e nature of an error ii) the rain gauge 
depending upon the force of the wind that strikes it, and as will he seen, now that 
the knowledge of the source of error has been established, the method of c( 
or preventing it becomes simple. 

It will be remembered that Benjamin Franklin, upon reading Heberden's 
at OQce, in 1771, in a letter to Percival explained hia results by the hypothesis that 
falling cold rain drops condense the moisture they meet with in the warmer lower 
strata, and that Phillips, in 1634, independently revived this hypothesis as explaiuing 
the increase of rainfall. A much truer explanation had been suggested by Meikle, 
in the Annals of Philosophy for 1819, and by Boace (Annals of Philosophy, 1822), 
to the effect that the dehciency is due to the velocity of the wind and to the fact 
that the gauge stands aa an obstacle to the wind; also Howard showed that the 
strength of the wind affected the higher gauge. But these minor notices seem to 
have produced but little elfect among meteorologists, and it remains for W. B. Jevons, 
Fhil, Mag., 1861, vol. xxii, to demonstrate that the Frauklin-Phillips hypotheaia 



n,g:,.ndtyG00glc 



RAINFALL AND WIND. 177 

WM highly aDsatialactory, and in fact impoaaible, and that the tnie reason of dimin- 
Btion of apparent rftit) fall with the height of gange is theinflnenceof eddies of wind 
aTOund the building and the mouth of the gauge. This explanation had, however, 
b«en also quite clearly pointed oat by Piof. Bache, who had Rbown that eddiea around 
the top of the tower affected the distribution of the rainfall on the tower. Alexan- 
der Dallas Baobe and Joseph Henry were intimately aesociated in their aoientijic 
work as early as 1835 (and eapeeially after Henry came to Washington, in 1847,) and 
the lattet had adopted that which is now called Jevon'e explanation, although as 
we have seen it was first given by Meikle, 1819, and subsequently independently 
arrived at by many others. This theory was definitely adopted and disseminated 
by Heni? at least as early as 1853 in connectiuu with his instructions to Smithson- 
ian observers. 

The essence of this esplanatjon may be stated thus : In the case of ordinary rain- 
foils we invariably have the air fiill of large and small drops, including the finer 
particles that constitute a dciEzling mist and the fragments of drops that are broken 
up by spattering. All these are descending with various velocities which, according 
to Stokes, depend on their size and density and the viscous resistance of the air ; the 
particles of hail descend even iaster than drops of water and the flakes of snow de- 
scend slower than oTdJnaiy drops. Now when the wind strikes an obstacle the de- 
flected currents on all sides of the obstacle move past the latter more rapidly; 
therefore, the open month of the rain gauge has above it an invisible layer of air 
whose horizontal motion is more rapid than that of the wind a little distance higher 
np. Of the falling raindrops the larger ones may descend with a rapidity sufficient 
to penetrate this swiftly moving layer, bnt the slower falling drops will be carried 
over to the leeward of the gauge, and failing to enter it will miss being counted as 
rainfall, although they go on to the ground near by. Evidently the stronger the 
wind the larger wiU be the proportion of small drops that are carried past the 
gauge; or again, the larger the proportion of small drops and light flakes of snow 
that constitute a given shower, the more a gauge will lose for a given velocity of 
the wind. In brief, the loss will depend both upon the velocity of the wind and the 
velocity of the dnscent of the precipitation ; therefore, a gauge will in general catch 
less, in winter than in sammer — less In a climate where light, fine rains occur than 
where the rains are composed of larger, heavier drops ; less in a country oi in a season 
of strong winds than of feeble winds ; less when exposed to the full force of the 
wind by being elevated on a post than when exposed to the feebler winds near the 
ground. 

The action of the wind in blowing the precipitation over to the leeward of the 
gauge depends on velocity rather than on the square of the velocity of the wind and 
of the raindrop, and it is aggravated by the formation of whirls or eddies within the 
gauge itself by reason of which light uid dry snowflakes are even whirledout of the 
gange after being once caught in it. Similar remarks apply to the rainfall on ttie 
top of a large square building with a flat or depressed roof; not only does the top as 
a whole receive less than an equal area at the ground, hut the distribution of rain- 
fall on the roof is such that the least rain falls on the windward portion and the 
most on the portion to leeward, while somewhere on the roof will be found a region 
whose average rainfall coincides with that on the ground. But the location of this 
region will vai? with the direction and strength of the wind and the quality of the 
precipitation, so that we have but little assurance that any single rain gauge on the 
roof will represent the rainfall on the ground. 

An interesting illustration of this action of the wind has been noted hy me in the 
case of several gauges established in a cluster in a sandy region. The gauges sat on 
the gronnd ; their mouths were 2 or 3 feet above the surface, and being cylindrical 
they offered considerable resistance to the wind. The windward gauges caught less 
rain than the leeward, but they also caught more sand, showing that the strong 
winds which carried the light raindrops on beyond also stirred up the light surfacs 
12444— No. 7 12 
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■and and were Jiut able to drop the sand into the windward gangM while canying 
the rain on to the leeward gange. In accordance with the preceding explanation alt 
obseiratlona everywhere show that the higher gauges have the larger deficit in rain 
uatch and still larger deftcita in the snow oatch, and that both dedcits increase with 
the wind. 

Mordecal states (Jonmal Franklin Institute, 1838, voI.xxii,p.3T} that he arranged 
hie observations at Frankfort Arsenal to show the rain oatch at the ground and on 
the tower 53 feet high according to the foroe of the wind as estimated by him on the 
scale to 10 as used by him, (utd found the deftcitof the tower gauge to be per cent 
for calms and light winds, bat increasing steadily up to 36 per cent for a wind of 
foroeS. 

Bomatein (Het. Zeit. Oct. 1884) arranges the oateb in protected and nnprotected 
gangea according to the velocity of the wind, and for seven months of observation 
obtained the following deficits in millimetera, to which I add the aame converted 
into percentages on the aaaamption that the protected gauge ia practically equiva- 
lent to the pit gaage. This assumption, althongh it is not quite correct, will not 
mnoh ohange oni results: 

Table I. 
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The distinction between the eflfect of the winds in heavy lains and fine rains ia 
very clearly brought out by Borustein'a classification of the catch on twenty-six 
daysof fine rain and forty-three days of heavier rains ; the percentages ore as shown 
in the following table ; 

Table II. 
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Although all these preceding data, both by Mordecai and Burnstein, are limited 
in quantity, yet they conspire to show uniformly the same eSect of the wind that is 
shown in an exaggerated scale when the ordinary g^nge is used to oatch snowfall. 
Similar resnlta based on a somewhat larger series of observations are published by 
WUd (Repertorium for Met., vol. ix), as shown in the following Table HI, which 
gives the percentage of catch during winter's snow and Bummer's rain separately for 
Beveral altitudes and wind velocities : 
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Table 111. 
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These tables coacliuively show the large influence of the wind on the catch of tlie 
rain, to say nothing of Its influence on the oatcli of the snow. It ie therefore evi- 
dent that the onnnal rain pieoipitatiou oe nhown by gaagea at varioitB height*, 
although always dinunishiDg with the altitnde, will diminish in difleieut ratios 
according to the peouliorities of the precipitation and tlie wind in that locality. 

Without attempting to go into spe' lal reSnements it will be Bufflcient for the 
present to study the annual catch as recorded at uiinierons stations. I have there- 
fore in the following Table IV arranged the resiilta quoted by Wild (Bepertorium 
vol. IX, 1886) and soms others that have been published elsewhere. This table 
begins with the results of observations made at low altitudes and of these I hare 
taken the arerage of all obserrations made for foar yean at Calne, three years at 
Caetleton, eight years at Rotherhara, and ten years at St. Petersburg with gauges 
of ftom 6 to 10 inches diameter. I have omitted the obsetvations for two years at 
Hawaker with 3-inch gan'ges, because of the staortueas of the series and the sntallness 
of the gauge, whioh latter point has slightly exaggerated the percentage of loss. The 
combined resalt therefore for the 4 longer series is to show that ftir gauges of sach 
size and oonstruetion as are generally nsed in the weather bureaus of the present 
day and for the average wind and snow or rain that occurs at these stations (which 
are in foot fair representatives of the northern portion of the temperate zone) the 
ojttch of rainfall diminishes with height of gauge, as shown by the percentage in the 
last column and in which, of course, the catch of the normal pit gauge is adopted as 
the standard. 

Tablb IV. 
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For gauges Jiigher than 6 meters this table gives tlie results of the iDdividusI ]o- 
calitlM. it we consider the indlviilual figures in the tatter part of this tablti it 
ironld seem that the diminution of rainfall with elevation of gauge is decided, but 
inegalor; bat it is proper to collect the data into a few mean valnes as shovm in 
the following table, in whieh the three higher groaps may be considered to repre- 
sent the average conditions of the precipitation in the temperate zone qtiite as 
fairly as do those of the lowei altitndcs : 

Table V. 
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If we may assanie that on the average of the years and of the localities tbiis 
grouped together there is a fairly uniform average quality of precipitation, we 
should eipent ttie deficiency at each altitude to have some definite relation to the 
velocity of the wind, and it emphasizes our conviction that' tbe wind is the principal 
factor in bringing about this deficit when we flud that these normal percentages are 
fairly represented by the simple formula; Defioit^^ per cent of the sqnaie root of 
the altitude expressed in meters. The adoption of the simple square root of the alti- 
tude is of coarse suggested by the well-known studies of Stevenson and Archibftld, 
ftom which I infer that for these low altitudes the square root is a satisfactory ap- 
proximation to the rate of increase of wind with altitude, while for much higher 
altitudes the one-fonrth or other power might be preferable. The constant factor, 
6 per cent, that enters this formula will of course not be understood as applicable to 
otiiergaugesorvelooitiesorqualitiesofpreeipitation than those included in theabove 
table, bat the elose ag:reenient of the computed percentages of deficiency shows tbat 
we appear to be on the right track, and that some method must be devised by which 
to free rainfall measures from the influeiNe of the wind at the mouth of the gauge. 
We see, in foot, that the simple wind-gaage which we have trusted so long is liable 
to systematic error, whose magnitude is really enormons as compared with thesmoU 
errors that we ordinarily investigate in connection with thermometers, barometers, 
and anemometers. 
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Two methods are open to ns by which to eliminate this error of the n 
One is instrumental, the other observational, 

ittslrutnentoi nteUkod*. — As before said, Profb. Baohe and Henry seem, from their own 
obseryationB, to have clearly apprehended the nature of the error with which the gauge 
is affected, and the latter was quick to suggest the remedy, namely, to so construct a 
gauge that it shall closely imitate the conditions of the normal exposure, or that of ft 
gauge whose mouth is on a level with the ground, and which is, therefore, not cov- 
ered over by the disturbing swift uurreuts and eddies. The records of the Smith- 
sonian show that Henry caused numerous experiments on this subject tobe conducted 
after he and Espy, in 1S4S, inaugurated the Smithsonian system of meteorological 
observers. In the second volume of Henry's collected writings, the reader can 
eaailf consult bia discussion of the erroneous explanations and hia own ootrect ex- 
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planation of the pheuomeiiOD, and at page 262 will be found Hoary'a auggestion of 
" the shielded gauge." This ahielded gauge was an ordinary amall cylindrical 
gauge; a few iuchea below the month of this gauge a borizontat circular plate of tin 
4 or 5 inches wide wna soldered to it like the rim of an inverted hat; by this means 
he hoped to ward off the disturbiog eddies whith would nccesaarily be formed almost 
wholly beneath the flat rim and therefore harmless. 

Although Henry's shielded gauge was described at least as earl; as 1853, yet I 
have not found as yet any records or observations made with it, thoagh such 
probably exist, as Henry's suggestion was widely diatribnted among the Smithso- 
nian observera. 

la 1878 Prof. Nipher, of St. Louis, imbliahed the first results of his observations 
with bis own shielded gauge, as independeutly invented by him. He surrounds the 
upper portion of the gauge by an umbelliform screen made of wire gauze ; the fall- 
lag rain strikes on this and breaks up, aod falls down to the ground without spatter- 
ing into the mouth of the gauge at the center, while the ganze sufficiently breaks 
up the wind currents to maintain a normal condition of the air at the mouth of the 
gauge. Nipher's own experiments with this gauge showed that its catch at a height 
of 118 feet above the ground was nearly the same as that of the ground gangs itself. 

The invention of the shielded gauge gives us the required iustnimental solution 
of oni problem. Of late years llornatein in Berlin and Wild in 6t, Petersburg have 
experimented very largely with Nipher's shielded gauge and have reported in its 
favor. HoUmann, during 1887, also observed with a Niphei gauge, and finds the 
effect of the shielding to be very favorable, but not so much so as to make it quite 
equal to the ground gauge. 

The good accomplished by the shields adopted hy Henry, or by Nipher, can also 
be largely attained by a simple system of protection from wind. l)y " a protected 
gauge" I mean an ordinary gauge whose month is a few feet aliove the ground, aud 
which is surrounded at a distance of a few feet by a fence or screen separate from 
the gauge, and whose top is a little above the month of the gauge. The protecting 
fence is therefore so arranged that it diminishes the wind at tbe month of the gauge 
without itself introducing new and violent injurious eddies. Both Biimstein, Wild, 
and Hellmann have experimfinted wilh such protected gauges, the protecting fence 
being so constructed that the angular altitude of tbe top of tbe fence as seen from 
the mouth of the gauge is between 20 and 30 degrees. The catch of the gauge thus 
protected always exceeds that of the free gauge, so that the correction to reduce it 
to the ground gauge is comparatively quite small, the deficit being reduced from 25 
per cent down to 3 or 4. 

Hellmann has also made the following interesting experiment: The roof of the 
Academy of Architecture in Berlin, where the Royal Prussian Meteorological Insti- 
tute is temporarily domiciled, covers about SO meters square, and is not merely flat, 
but depressed considerably below the rampart walls of the building ; it, therefore, 
eonstitntes a grand protection to any gauge placed near the center of the roof, and 
accordingly Hellmann finds that in this location gauges catch more than anywhere 
else on the roof or the ramparts, and but little loss than a gauge on the ground. His 
conclusion is that the Niphor, or similar protection, can nearly, hut still only partly, 
annul tbe injurions influences of strong winds on the catch of the gauge. 

Tbe reduction or correction of rainfall for altitude, as it has hitherto been called, 
is therefore really a correction or reduction of the readings of the rain gauge for an 
instrumental error due to the wind. 

Obaenational methods. — As an observational method of obtaining tbe trne rainfall 
from the gauge reading, and if it is impracticable to establish a normal pit gauge in 
■a good location, or if it be desired to determine approximately the correction to be 
applied to past records obtained from a gauge tbnt still remains in the former place, 
the following arrangement offers a fair approximation. 

If the present gauge has been standing in an open field at a few feet elevation^ 



i,Gooc^lc 



182 FOBEST INFLUENCES. 

pl»ce two at more limilar pavgei neat it, and fliiniltu'ly located aa fax aa obataclea 
ate conoemed, except ouly that odo of lliese is to be decidedl; lower tbftn the old 
one And the other decidedly higher. From a compftriBon of the BimultoneoDs rec- 
ords of any two gaages and their altitudes, we sbotild for each separate rainfall, 
rather than for the monthly and anuaal HQms, deduce the normal rainfall by the so- 
Intion of two or mote equations of the form : 

Observed catch of gaage = (l—x ^altitude) X (desired catch of normal pit gange). 
Where x is the unknown special coefficient of deficiency due to wind at tliat al- 
titude — that is to say, having two gange catches, oj and Ct for the two altitudes H, 
and Hr-wb obtain the tme rainfall (A) by the foimalee : 

c,^{l—x.v'W,)B 



n/I- 



If 0| and Hi relate to the lower gftuge we shall generally have oj > (^ and B, < Bi 
and the coefficient n will be a positive A'action, whose value is given in the follow- 
ing table for such combinations of units as may easily occur in practice. 
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If the present gauge is located upon the top of a hailding, perhaps the best that 
can be done to study the accuracy of ita records is to locate other similar gauges so 
H to get the average rainfall over the whole roof at the same uniform altitude; the 
next best would be to establish a standard protected or shielded gauge aa bigh as 
practicable above the roof. 

If a new observing station is to be started then a single shielded or protected 
gangs is better than a single unprotected one; buttwomoreshielded gauges atdiffer- 
ent altitudes afford the means of calculating the eorrection for wind which will, of 
coarse, he quite small for this style of gnuge. 

VARIATIONe IN OBOORAPHICAL DISTRIBCTION OV BAINPALL. 

By the combination of records from widely separated rainfall stations we ordina- 
rily seek to determine the uniformity or irregularity of rainfall as to its geographi- 
cal distribution. The study of horizontal distribution of rain should be first mode 
by mwns of simultaueouB observations at many stations within a small region. The 
most instructive work of this kind that I know of is that just now being carried on 
by Hellmann in the " experimental rainfall Geld " of the Boyat Prussian Meteorolog- 
ical Institution. This inBtitutton was in 1884 officially transferred from the bureau 
of statistics, where it had been organized by Mahlmauu and Dove, over to the bn- 
teau of religion, education, and medicine, where it is now intimately connected 
with all the scieutiftc and educational work in Berlin and is nndet the diieetorsbip 
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of Prof. W. VOD BezoH. The experimental rain field realty consiets of tlie city of 
Berliu itnd the country aionud oapedAlly to the weatnard, emhrocitig a region of 
about 15kilonietereBqiiare,vltbln which are located Berlin, Spandan, and Potsdam. 
The ToreatB on the westward, the intermediate gardens and fields, the valley of the 
river Sprre, and the citr of Berlin, offer a great variety of surfaces bnt without any 
moontains or hilla. The average height of the ground above sea level is scarcely 60 
meters, the average distance of the gauges ttom each otlier, namely, the mean of all 
possible combinations is about 4.5 kilometers, the maximum distance being II and 



the 



0.5. 



Within this areaHellmann has twenty-one stations, some of which represent ssv- 
eral gimgcs. His work began in 18S4, and be adopted as the standard height of the 
monthof the gange 1.07 meters above the ground. I haveselected for study the eleven 
stations for which complete records for lS8&-'eT are given in Hellmann's Reports. The 
accompanying Table VII shows the rainfall for each station for each year and thede- 
partnreaof each station &om the annual mean of the eleven. From these departniea 
we get the probable error of any one annnal rainfall as plus or minus 6 per cent of 
its own value. That is to say, assuming that the saine quantity of raiu and snow 
fell nnifbrmly over the whole of this small region and that the gauges, if nnaffeotedby 
any error, should therefore agree among themselves perfectly, then their failure to 
do so is saob that it is an even chance that any given lainMl U discordant from the 
Average by plus or minus 6 per cent. At drat Hellmanu sugKcsted that the records 
of stations 1, 2, 3, and 4, which were in the open land east of the forestsshowed that 
less precipitation fell there than over the forests, affording an argument fortheidea 
that the forest attracted an extra amouut of raiu; but of the other stations there 
were also some that were protected by the forests, and nestyearallof these reported 
large rainfalls. Now all of these gauges were at a standard height in open regions 
Buch that only the variations in wind proper or in the currents induced by neigh- 
boring obstacles oould conceivably affect the catch of the gange ; moreover the differ. 
ences between the stations were greatrcst in the winter and least in the summer 
months and all the study of the configuration of the ground around the stations tends 
to show that the differences in the catches of the gauges were due to the irregular- 
ities of horizontal distribution of the strength of the wind as influenced by the sur- 
roundings. In other words instead of studying the geographical or horizontal distri- 
bution of the total annual rainfall it was safe to assnm'e that that had been uniform for 
each rear over this small area, and that we are studying simply the horizontal distri- 
bution of a deficiency in catch or a rain-gauge error due to very local winds attha 
mouths of the gauges. 

Table VIL 
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This conclusion is conftrmed by examining the records in the summer months 
sepaiately from those in the winter. Local showers are frequent daring the anmmer 
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aud tLe irregularities iu linrizuutnl <li«trlbutiou are preaumptlTsly greatest at tbat 
time. During the winter the extended layeiH of clouds give ns no a priori reason 
to expect large irregalarities in tbe geographical diatrlbiition of snow fall and raiu. 
Hellmann'B records show that the geographical irregularities In the catch of hie 
gaoges iH really least in summer and greatest in winter, thus oonlinning our conTJc- 
tiouB that on the average of the year the precipitation is uniformly distribnied and 
the variations in catch depend on the geographical distribution of the wind at the 
gauges during the fall of rain and snow. 

The eleven gauges here selected from Holiniann's data were unprotected and uni- 
formly 1.07 meters above ground, and it is evident that thay wonld not have neces- 
sarily shown a similar discrepancy of S per cent among themselves had they been 
placed at some other altitude. As the absolute deficits of each gauge increase like 
the wind with the square root of the altitndc, so also should the apparent iri'cga- 
larities in geographical distribution. But this rule should not be so far stretched 
as to assume that ganges at the ground snrface would therefore show no irregnlari- 
ties in the horizontal distrihntion of rain, tbe fact being that there is even for them 
an outstanding nncertalnty of 2 per cent, which is the total combined effect of all 
the irregularities of measurement and the drifting of snow or rain. 

In general, then, we conclude that in the case of a number of gauges placed within 
a few miles of each other, and of which we knownothingas to theheight and exposure, 
except that in general the observers have placed them iu fairly open situations, there 
is no reason to give a preference to the reports of one gauge rather thnu that of 
another, since if the observers are equally reliable the irregularities of catch are 
likely to far exceed the errors of careful observers. Again, the probable error of 6 
per cent, due to unobserved and uncontrollable irregularities in the action of the wind 
on these ordinary cylindrical gauges located 1.C7 meters above tlie ground, indicates 
the utmost limit to which any attempt at refinement in drawing onnnal isohyetal 
lines should be carried at present, at least iu the cllmatoeeuch ae that of Berlin, and 
nntil the data are corrected for wind cSects. Fiually, any attempt to deduce from 
snoh ganges the relative rainfall over the forest, the cleared land, the hill and the 
valley, can only be enccessfnl in bo far as we make doe allowance for the influence 
of the wind and the character of the precipitation. 

CHRONOLOGICAL VARLATIOKS OF RAINFALL. 

What hM just been said with regard to geog^raphical diBtribntion holds good 

equally with regard to the chronological variations in rainjall. Undoul)tedly there 
ate years of large and of small precipitation, but if we aualyze these years we shall 
see that they differ, not only in the quantity, but at the same time in the quality of 
the precipitation and in the forces of tbe winds. Until we are able to correct tie 
measured rain or snow for tbe wind effect we must inclnde this large source of uncer- 
tainty inthecatalogueof errors to which our meiksarements are subject; tlms, in some 
years, there may be a heavy snowfall of very light snow flakes falling during strong 
wind, and in spite of all our efforts to estimate we get too small a record. Again, if 
we confine ourselves to the summer rains only, namely, those that directly affect the 
growth of plants, we shall And that in almost every long' continued series of observa- 
tions at any locality trees, houses, and other obstacles have gradually grown up in 
the neighborhood so that tbe average wind force at the gauge has undergmie a steady 
progressive diminution and the gange, therefore, catches a larger percentage at the 
close of the series than at the beginning, unless the obstacles were always so near as 
to shelter the gauges. I have computed the departure of each annual total precipi- 
tation (rain and snow) from the mean of forty-six years at Fort Leavenworth, Kans. 
(using post-surgeon's record only); of twenty- two years at Spiceland, Ind, (observa- 
tions by H. R. Dawson), and forty-two years at Washington, D. C. (observations at 
the Naval Olwervatory) . From the mean of these departures it is easy to compute 
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The mean annual cateh at the t'urt Leavenworth gsnge ia 32.48 invhes, aa given by 
46 years of observations, which, however, differ among themselvea from year to year 
HO much that it is an even ohauce that the catch of aay one yeai will differ from tliis 
mean by more or leas than IS per cent of its value or by 6.02 inches; this 18perceut 
ia in part dne to actual irregalaritiea in rainfall and in part to the variable effect of 
the wind sud the irregular proportious of snow and rain ; the actual rainfall ia larger 
than thia catch by an unknown amount depending oil the character of the preoipi- 
taliou and the strength of the wind at mouth of the gauge. 

It is therefore evident that any conclusion as to a change of c1tmat« during these 
years involving qnantitiea less than the probable errors of the mean rainfall must be 
entirely illusory. 



Out study of the rain gauge (section 6) and its errors would have a melancholy 
conclusion did it not afford us soDie suggestion as to the proper methudsof determin- 
ing and allowing for theae errors. In view of our present knowledge we now aee 
that in estahliahing new stations better methods of exposure should be adopted and 
Buch as are in fact very different from those that have hitherto been considered 
allowable. We must closely imitate theconditions prevailing at the averageaurfaoe 
of the gronnd, that is to say, in the order of preference the exposure would be : (1) 
the pit gauge ; (2) the protected or the shielded gauge near the ground ; (3) several 
protected or ahielded gangea distributed over a flat roof; (4) the shielded gauge on 
poats considerably elevated^ above slanting roofs. Moreover, in no case should a 
single gange be relied upon, but in all cases at least two nimUar gauges at very dif- 
ferent heights should be observed. From the records of those two gauges we can 
compute the catch of the normal pit gange by the formula previously given. 

As this formula is also applicable to the ordinary and in fact any form of gange, we 
furthermore see that an approximate [correction, needed to reduce valuable past rec- 
ords to the normal gange, may now be determined, if these old gauges are still being 
recorded, by at once establishing near them two or more similar gaugea at consid- 
erably different heights ; from the records of all these gauges for the next few years 
we may determine, at lenst approximately , a correction applicable to the past years 
of historical records. Finally, we are warned against attempting to draw from post 
records conclusions that are finer than the data will Justify. 

APPLICATION TO POKESTRY. 

To this presentation of the rain-gauge question I will add that although the ideas 
here given may not be altogether new to those especially interested in rainfall, yet 
their application to the special precaution of establishing rain gauges in pairs at two 
different altitudes has only been carried ont by Ebermayer in Bavaria, and more 
recently by Brandis and Blanfoid in the forests of the central provinces of India, but 
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1 ilo not kuow th»t the formula fur correction lias as yet been uaed by tliem. Blan- 
fonl placed his apper ganges at the height of 60 feot, t. e., above the tree tops, and the 
loner ones at 1 foot. The result of his first year's observations showed that the high 
gauges in the forest* gave 4 per ceut more rain than the high ones in the open fields, 
a resiilt entirely in accordance with the facts aud views we have already presented ; 
theganges in the forests nereat a height above the averi^e tops of the foliage of the 
trees, decidedly less than the 90 feet by which the gaagea in the open lands were ele- 
vated above thegronnil, therefore the high forest gauges should experience less wind 
and cunaeqriently catch more rain thau the high open land gauges, while the average 
rainfall for the whole country averages the same. Again Blauford's low gange gave 

2 per cent greater catch in the forest than iu the open land, a result alno perfectly 
accordant with out views (Met. Zeit., 1888, v, p, 236) and serving to dissipate 
the last argument in favor of the idea that forests appi'cciabi} incieaac the rainfall 
as distiugnished from the catch of the gange. 



The preceding study assumes that of the local pairs of ganges one at least is high 
enough to escape spattering from the ground, and this is easily attained iu ordinary 
rains, hut in the case of drifting snow this is difiicnlt, and I wilt present my concla- 
sious aa to the correction for drift and spatter at some future time. 
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ASAITSIS Of THE CADSES OF RAINFALL WITH SPECIAL RELATION 
TO SURFACE CONDITIONS. 



B; Gkorgr E. Curtiss, 



The possibility of chiknging the amount of rainfall by human agency bas in late 
yean received a great deal of popular attention, and an undercurrent of bypothasia 
irithregArd to it hRs gradaall; aet in, wbioli itself haa stimulated scientific inqniry. 
The question haa been directed moat frequently to the efFect of foreata and to the 
special inquiry as to nbetlier forestation inoraaDes and deffirestation decreases the 
rainfall. 

In this inquiry the statistical method has been extensively employed, and all the 
existing rainfall data bearing upon the question and some that are entirely irrele- 
vant have been discnssed. Special rainfall obaervatiuns bave also been inaugurated 
fortbe purpose of determining the relutiun of forests to rainfall. Witbout giving a 
t^oni6 of tbese various in vestigationa it is sufficient to state that no deSnitive con- 
clusion baa as yet been derived from tbom. Tbe one conclusion wbicb tbe statistical 
results seem to yield is that, if forests alfect the rainfall tbe amount of effect has, in 
moat oases, not l>een greater than the amount of probable error in tbe observatious 
themselves, and, therefore, the statistics give no asanrance that tbe effect is not an 
error of observation. This, however, is a result of importance, for it serves to de- 
limit, for the rogious to which the statistics apply, amaiimumvalue which the snp- 
posed effect of forests has not OEceeded. This maximum value is, in most cases, bnt 
a small fraction of tbe total rainfall, an amount too small to be of any considerable 
byilrographio or economic importance. Another reason for tbe unsatisfactory re- 
sults of tbe statistical investigations is, that tbey bave seldom been combined with 
n rational explanation of the process by which a change in tbe rainfall may be 
brought about, and, consequently, tbey havenotbelpod to clarify theroisty meteoro- 
logical conceptions wbiob are current thereon. To do this is tbe abject of this 

If in any region tbe rainfall is inci'eased by aforest cover it most be brought about 
either (1) by an increase in evaporation, which increase must be precipitated over 
the same region, or (2) by a diversion to the forest area of rain that would other- 
wise &11 in some other locality. 

Let ns now analyse tbe causes and conditions of ra infall, so far as tbey are now 
nnderstood, and see if the resnlts will not materially aid as in determining bow far 
and in what cases eacb of these methods of increasing tbe rainfall can be operative 
and efficient. I say in what oases, for one of the most important objects of this an- 
alysis will be to make clear that an effect that obtains in one climate may be entirely 
absent in another. Ideas as to the causes of rain have been greatly simplitied by re- 
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cent BtiidieB, and many dift'ereiit ooiiditinns that are generally enumerated by tlie 
books as prodactivti of rain liave been eet aside. 

The following quotation, from a recent paper by Blandford, eeto forth with great 
clearness the opinions that meteorologists artt now adopting : 

"As arsHiiltof a longstudyof the rainfall of India, and perhaps uoconntTyalTordB 
greater advantages for the pnrpose, I have become convinced that dynamic cooling, 
if not the sole cause of rain, is at all events the only canse of any importance, and 
that all the other oanaes so frequently appealed to in popular literature on the sub- 
ject, such as the intermingling of warm and cold air, contact with cold mountain 
slopes, eto., are either inoperatire or relatively insignificant ." (Nature, xxxrx, 583). 

The ascensional movement of the air requisite to dynamic cooling may be brought 
about by three different processes: (1) by convective currents; (2) by hills and 
mountains; (3) liy cyclonic circulation; and I classify rainfall as convective, oro- 
t^raphic, or cyclonic, according as it is dne to the first, second, or third of these 
causes of ascensional movement. Of conrse in some cases all of these may be opera- 
tive at the same time, but for the purposes of analysis they will be separately con- 
sidered. 

In a region of purely convective rainfall, the circulation is primarily vertical, and 
the moisture evaporated, is largely precipitated before being carried away by hori- 
zontal cnnenta. Therefore an increased evaporation will be followed by an in- 
creased rainfall. Consequently any change in surface condition which increases or 
diminishes the evaporation wilt, in such a climate, be followed by a corresponding 
increase or decrease in precipitation. 

In the case of orofrraphic rainfall, currents that are essentially horizontal are 
forced to become locally ascending. The moisture evaporated in the region lying in 
the path of the current is partially or entirely precipitated over the region where 
the ascensional movement is developed. Consequently an increased evaporation 
will, to a greater or less extent, be restored to the basin by an increased precipita- 
tion. The extent to which tliis will take place, that is, the proportion of the in- 
crease of moisture that will be returned to the basin, will depend ou the extent and 
height of the mountains and the relative frequency of the orographic rain-bearing 
winds. For example, if these winds prevail only half of the time, only half of an 
increased evaporation can, in general, be precipitated as orographic rainfall. It 
seems quite possible, therefore, with observations showing the amount of change in 
the evaporation and with observations of the relative frequency of wind direction, 
to compute with considerable closeness a maximum value which the resnltmg 
change in rainfall can not exceed. 

The second point to t>e considered with respect to orographic rainfall is whether a 
foi'csted hill or mountain can originate or divert to itself moistnre-Iaden currents 
which, without ft forest cover, would not exist or would give their rain to other 
localities. Mountains, by means of their heated surfaces, develop upward currents, 
but when they are forest covered the observations presented by Mr. Femow in this 
bulletin show that the air is less heated than when the surface is bare. Forests 
will, therefore, tend to diminish rather than to augment the diurnal currents which 
set in upwards toward the summit, and which, by dynamic cooling, precipi- 
tate their moistare. Likewise, there is lacking any sufBcient reason to suppose that 
lateral currents moving in some other direction will more likely be deflected &om 
their course and diverted toward this mountain summit because it is covered with 
forest and hence relatively cool. 

The general class called cyclonic rainfall includes a great variety of rain types 
related to a cyclonic circnlatlon, some of which are as yet by no means well nnder- 

In the ordinary progressive area of low pressure the cyclonic eirculation is largely 
horizontal, but with an upward component. This upward component produces the 
usual rainfall of our cvclonio storms. In these storms the horizontal component of 
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the circulation iti ho Inrge thntthe moisture evaporated over one region is precipitated 
over another. CoDaeqneutly in regions where raiuCatt is of this type, an iocreascil 
evaporation in an; regiuu will not be followed by an increased rainfall in that sniuo 
locality. 

In local thunder atorms we have a type of rain related to a cyclonic circulation in 
which the vertical compo;ient often becomes very large, as comparpil with the hor- 
izontal component. This predominating vertical com[ioneiit is due to convection and 
the accompanying rainfall is to be considnred as partly or largely convective. Con- 
vection indnces and imitates a cyclonic circulation which may contiune after the 
direct couvective action has ceased. It becomes desirable, therefore, to separate tlie 
directly convective rainfall, whose amount can be locally increased b; increase of 
evaporation, from the cyclonic rainfall whoso amount can not be so increased. An 
approximate separation can be made when the diurnal periodicity of rain is known; 
ibr an excess of rainfall during the afternoon honrs may be classed as convective. 

Secondly, we have to consider the question nM to whether cyclonic rain storms can 
1>e deflected from one oonrse to another by difference in surface conditions. Evidently 
great areas of low pressure can not be affected and so the question is restricted to 
local cyclonic storms of small area. With respect to these the question is to be 
answered in the af&rmative, for it ia entirely in accord with physical principles to 
suppose that smalt cyclonic storms, areas of clouds and disturbance and other un- 
settled masses of air with a progressive motion, will tend to follow paths of high 
humidity and high temperature, lines of atmospheric weakness which all disturb- 
ances will seek, just as seismic disturbances follow lines of weakness in the earth's 

Whether the air over a forested area as compared with a neighboring uuforested 
area constitutes snch a preferable storiu path is a question to which a dogmatic an- 
swer can not now be given. As shown by observation the absolute humidity is in 
general higher over the forest and the temperature lower than over adjacent open 
spaces. These are apparently conflicting conditions — one decreasing, the other in- 
creasing the relative density and stability of the forest air. It seems hardly proba- 
ble that the resultant will have any quantitative importance. However, the inves- 
tigation of the qnestioD is a fruitful direction of meteorological inquiry. 

The practical point here to be emphasized is that it is not enough to say that the 
air over a forest is more humid and that therefore there will probably be more rain- 
fall. The increased humidity will bo quite ineffective unless this moist air can be 
cooled dynamically over the region itself, and thus condensed and precipitated. 
This is a necessary additional condition, and the evidence that this will occur in 
any relative high degree, either by confection currents or hy defleoted storm paths 
is yet lacking. 

CLIMATIC ILLUSTRATIONS. 

The equatorial rain belt is the most prominent region with almost eiclusively 
convective rainfall. The Brazilian forest region, the Aruwhiui district of central 
Africa, the Malaysian Archipelago, and the valley of Upper Assam in India are in or 
near this belt. They have light winds, and the moisture evaporated from the sur- 
face is precipitated before being curried to any considerable distance by horizontal 
cnrrents. Under these conditions an increase or decrease in the evaporation will 
be followed by an increase or decrease in rainfall. But they are the very regions 
where any material change in the evapor.ition appears to he most difficnlt to effect. 

The evaporation is large. Hlanford estimated that for the Aruwhini district 
probably over half of the rainfall is duo to the direct rcatoratiim of the moisture 
evaporated. The surface is maintained in a continual stale of saturation and evap- 
oration proceeds uninterruptedly at a nearly uniform rate. How will deforestation 
affect this evaporationi In the first place, a cleared surface will have a higher tem- 
perature, andthe winds will have freer play, both of which results will conduce to 
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JDcronse the eT»porAtion, and, consequently, also to increiise the rainfall. The wind 
effect, liowever, wilt be small becansetheregiousnnderconaiderationare in the belt 
of oalms. On the other hand, if deforostution should initially induce a materially 
inoreaaed rnn-off, so that there ehonld be left mncli lesa water to evaporate, the 
evaporation would be dimmished, and conseqnently also the rainfall would be 
.dimiuiahed; and wlieu the rainfall bad falleu off the streams would fall to their 
previons quantity of diachargo. We have, therefore, a possibility of two opposite 
tendencies acting atthesiune time— oneto increase the rainfall, the other to decrease 
it. The question aa to which will preponderate, and to what extent, is apparently 
a question to be ascertained for each separate district, for the result in one region 
may be quite different from what it will be in snothet. Furthermore, this analysis 
suggests that a very promising method of inreetigating the eHeot of forestation and 
deforestation in districts of convective rainfall appearato be not by observations of 
rainfall, but by comparative observations of the discharge of the streams. Finally, 
in the equatorial belt, which is the only portion of the world having an almost excla- 
sively vertical cbculation, the rainfall is ao much in excess of tlie needs of vegeta- 
tion that ita possible mudiflcation has not the same economic importance aa in 
higher latitudes. There is no motive to increase it, and if diminished no detriment 
would result. 

.Bordering on each side of the eqnatorial belt are the regions of the trades, which, 
over the ocean, are almost rainleas; but over intercepting land areaa, auch as Central 
America and the Antilles, considerable rainfall occurs. This is frequently difQoult 
to analyze, but it is largely convective and iu hilly regions partly orographic. The 
seasonal distribution ahowa that the rainfall is intimately related to the annual 
oscillation of the limits of the trade wind, and that the rainy season requires a special 
explanation. With tbe exception of the well-known tropical cyclones of the seaa, 
the distribution of pressure over the trade region is unfavorable to the develop- 
ment of a cyclonic circuktiou, and consequently cyclonic rainfall is seldom pre- 
sented. It is easily Been that the application of this very general statement to 
the queation of the effect of surface conditions requires us to consider some special 
iudividual locality. Let us take the island of Barbadoes. This island ia 21 miles 
long, 14 miles across ita widest part, and lies in latitude 13" N., longitude 59° 37' W, 
Its interior ia billy and rises at points to over a thousand feet In height. From an ex- 
tended aeriee of rainfall records carried on by Governor Rawson the average rain- 
fall on the coast is found to be 50 incliea, anil rising 64 inchea on tbe windward side 
and in the central highlanda. During three-fourtba of the year the northeast trade 
wind prevails and the rain comes ftom that quarter. In October, when the southern 
limit of the trade reaches the island, tlio wind turns to the west and the heaviest 
rains occnr, making it the wot season. The distribution of rain over the island, 
both with the trade wind and the west wind, shows that the rainfall ia partly oro- 
graphic, bnt probably the largest part of it must be considered as convective. On 
a^cuiint of the smallneaa of the ialand and the prevailing fresh winds, practically all 
of the moisture thus precipitated on tbe ialand comea from tbe ocean, and the 
moisture evaporated from tbe island itself is carried away to sea. When the 
island was covered with forests the convective action of the island conld not have 
been greater than at present, because its temperature would have been lower, and if 
a greater evaporation took place there no appreciable amount of the additional 
vapor conld be precipitated on the ialand itself. We have every reason, therefore, 
to conclude that destruction of forests or any other service change in Barbados is 
powerless to sensibly increase or decrease its rainfall. 

Passing from the region of trades, we reach latitudes favorable to cyclonic de- 
velopment. Here convective and cyclonic action arc frequently combined. In the 
warmer latitudes and in the summer senson, the equilibrium of the atmosphere be- 
comes unstable and convection currents are set up which induce an incipient cy- 
clonic circulation. Then there is a combined convective and oyolonio lainfUL As 
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we gr> northward the direct coiivective feature of the rainfall becomes less promi- 
□eot, and the purely cyclonic raiiifull predominates. Over the whol* region 
orograpMo raini^ll is added to the other two claeaes wheu bills or moitntainaar^ 
aituAted in the path of moistDre-laden carrente. With this general statement the 
farther examination of the effect of Burfoce conditiODs on the rainfall in middle 
latitudes must be applied to concrete cases. 

lathe United States the Great PlaiusregioDof Kansas, Nebraska, and thcDahotaa 
ia that for which a variation in rainfall has most often been claimed oi antioipated. 
Man; settlers tielieve that the so'called "rain belt" is moving rapidly west witrd 
irith the eitension of cnltivation and settlement. 

The single coacUtlou favorable to such an increase of rainfall consists in the 
steadier and largai evaporation which no doubt takes place over the cultivated area, 
but the other conditions necessary to condense and precipitate this moisture over 
the same region are largely absent. There are no bills or momitaius to produce 
orographic rainfall, and without these barriers the high winds constantly carry 
away the moisture evaporated from the surface and precipitate it far t« the east- 
ward. Hence, not only is the increased moisture in the air bnt a small fraction of 
the total rainfall, but also only a small portion of this is gathered into convective 
or cyolonio onrrente and restored again by them to the prairie soil. Evidently a 
small amount most be thus restored in every summer rain and the total rainfall in- 
creased thereby, but quantitatively this must be Tcry small. 

There is one region deficient in rainfall and water supply for which claims in be- 
half of an actual or possible increase of rainfall due to human ageucy are leas often 
made, but which the preceding analyaia leads me to believe would not be unreason- 
able to anticipate. I refer to the San Joaquin Valley of California. This valley is 
flanked by the Coast Range on the west and by the Sierras on the east. The mois- 
ture evaporated &om the surface c.nii not eacapo from the basin, bnt will be largely 
precipitated either over the valley or on the sides of the adjacent mountains which 
constitnte its watershed. If, thcri'fore, the increase in irrigation and in the extent 
of onltivated area produces a material increase in the evaporation, it seems reason- 
able to exx>ect that this moisture will be restored by un increased rainfall in the 
valley and in the a4)aceut mountain sides. One consideration only would appear 
to retard and diminish this effect. The inclosnre of the valley prevents that rapid 
indraft of ait which rendera possible a rapid vertical circulation. Thns the ac- 
tivity of the whole process is rendered sluggish and the total amount of moisture 
passing through the cycle from evaporation to rainfall is smaller than with a more 
rapid oircnlation. 

In the manner here outlined the possibility of a variation of rain&ll may be 
mvestigated for any region, and with sufficient meteorological data even qnanti- 
Utive values may be computed. The general result indicated by the analysis of 
the physical processes involved as well as by the statistical data so far oollocl«d is 
that the margin of such possible change ia very smalt. In most cases it can not 
exceed a small per cent, and in other cases it can not occur at all. It appears, there- 
lore, that in the estimation of the importance and value of forests, a dispropor- 
(imiate and undue amount of emphasis has been popularly given to such an influeuce. 
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